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PREFACE 


The  Eleventh  Symposium  on  Na.  1 Hydrodynamics  was  held  at  the  University  College  London,  London, 
England,  on  28  March  - 2 April  1976  under  the  joint  sponsorship  of  the  Office  of  Naval  Research  and 
University  College  London  with  the  support  of  the  Admiralty  Experiment  Works,  Haslar,  the  Ship  Division, 
National  Physical  Laboratory,  Feltham,  and  Stone  Manganese  Marine  Ltd,  London. 

Continuing  the  traditional  policy  of  featuring  current  research  results  in  important  problem  areas  in  ship 
hydrodynamics,  ‘Unsteady  Hydrodynamics  of  Marine  Vehicles’  was  selected  as  the  theme  for  the  Eleventh 
Symposium.  The  technical  programme  covered  a broad  range  of  topics  under  this  general  theme  including 
several  sessions  on  modern  experimental  techniques,  on  the  behaviour  of  marine  vehicles  in  waves  and  in 
restricted  waters,  on  related  general  hydrodynamic  problems,  on  the  hydrodynamic  loads  and  structural 
responses  of  ships  in  a seaway,  on  the  hydrodynamic  performance  of  various  unconventional  craft,  and  on 
unsteady  propulsion  problems. 

The  Symposium  was  expertly  organized  and  managed  by  Professor  R.  E.  D.  Bishop  of  the  Department  of 
Mechanical  Engineering,  University  College  London,  ably  assisted  by  his  colleagues.  Dr  A.  G.  Parkinson 
and  Dr  W.  G.  Price.  The  success  of  this  meeting  is  the  direct  result  of  the  careful,  thoughtful  attention  given 
by  tnis  triumvirate  to  the  seemingly  endless  details  that  must  be  taken  into  account  in  the  planning  of  a sym- 
posium of  this  magnitude.  It  is  also  a great  pleasure  to  acknowledge  our  indebtedness  to  Shell  International 
Marine  Ltd  for  a delightful  reception  and  film  show  at  the  Shell  Centre,  London,  to  the  Royal  Naval  College 
Greenwich,  for  an  interesting  tour  and  lovely  reception,  to  Stone  Manganese  Marine  Ltd,  for  an  entertaining 
and  edifying  visit  to  their  propeller  works  in  Birkenhead,  and  to  Lloyd’s  of  London  for  the  elegant  symposium 
banquet  held  in  their  Captains’  Room.  To  these  and  many  others  who  made  large  and  small  contributions 
to  the  success  of  this  Symposium,  my  colleague,  Mr  Stanley  Doroff,  and  myself  wish  to  express  our  apprecia- 
tion on  behalf  of  the  Office  of  Naval  Research  for  a job  well  done. 

RALPH  D.  COOPER 

Fluid  Dynamics  Program 
Office  of  Naval  Research 
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INTRODUCTION 


When  two  of  us  (R.E.D.B.  and  A.G.P.)  went  to  Cambridge,  Mass,  in  August  1974  we  were  attending  our  first 
ONR  Symposium.  And  so  far  as  the  reading  of  a paper  at  one  of  these  meetings  goes,  we  were  all  entering  the 
ring  for  the  first  time.  That  the  very  next  Symposium  of  the  series  would  be  organized  by  us  on  our  home 
ground  had  not  even  struck  us  as  a possibility.  But  so  it  turned  out  and  great  fun  it  was. 

Truth  to  tell,  it  was  more  than  a pleasure  to  play  the  host.  It  was  an  honour.  For  1976  is  no  ordinary  year 
for  the  Naval  Hydrodynamics  Symposia.  It  is  not  only  20  years  since  the  first  of  these  gatherings  was  held,  but 
it  is  30  years  since  their  sponsor  and  instigator,  the  Office  of  Naval  Research  was  set  up.  The  enormous 
prestige,  both  of  the  ONR  and  of  its  international  meetings,  needs  absolutely  no  endorsement  from  beginners 
like  us.  But  we  in  UCL  can  take  this  chance  of  offering  the  ONR  the  gratitude  and  congratulations  of  the  whole 
international  community  of  naval  hydrodynamicists. 

At  the  same  time,  we  wonder  if  we  might  say  a rather  more  personal  word  of  appreciation.  So  quietly  does 
Mr  Ralph  Cooper  go  about  his  work,  we  wonder  if  any  but  the  actual  organizers  of  the  Symposia  can  have  any 
conception  of  the  enormous  contribution  that  he  makes.  On  the  face  of  it  the  arrangement  of  a meeting  like 
an  ONR  Symposium,  in  partnership  with  a huge  department  of  a foreign  government,  is  a pretty  daunting 
undertaking.  In  practice,  thanks  to  Ralph  and  his  equally  self-effacing  colleague  Stan  Doroff,  there  is  never  a 
hitch  and  business  relationships  turn  into  valued  friendships. 

What  about  the  Symposium  itself?  With  relief  we  can  report  nothing  untoward.  The  technical  side  is,  of 
course,  recorded  in  the  pages  that  follow  and  it  speaks  for  itself. 

As  to  the  social  programme,  well  here  we  have  to  acknowledge  the  generosity  of  a number  of  friends. 

Stone  Manganese  Marine  Ltd  invited  the  delegates  to  the  firm’s  works  in  Birkenhead;  Shell  International 
Marine  Ltd  gave  a magnificent  reception  for  us  at  the  Shell  Centre  in  London;  we  were  privileged  to  be 
allowed  to  have  a reception  at  the  Royal  Naval  College  Greenwich,  when  both  the  Commander  and  the 
First  Lieutenant  gave  illuminating  (and  witty)  introductions  to  the  lovely  old  buildings;  and  the  Chairman  and 
Committee  of  Lloyd's  of  London  permitted  us  to  use  the  Captains'  Room  for  a Symposium  Dinner. 

A word  must  be  said  about  the  way  the  Symposium  was  run.  Early  on,  an  Organizing  Committee  was 
empanelled.  Its  membership  was: 

Prof.  R.  E.  D.  Bishop  (Chairman,  UCL) 

Mr  T.  B.  Booth,  (AEW) 

Dr  R.  K.  Burcher  (MOD) 

Dr  G.  Gadd  (NPL) 

Dr  A.  G.  Parkinson  (Secretary,  UCL) 

Dr  W.  G.  Price  (Secretary,  UCL) 

Mr  L.  Sinclair  (Stone  Manganese  Marine  Ltd) 

Prof.  F.  Ursell  (Manchester  University) 

Once  it  had  been  agreed  in  outline  what  should  be  done,  that  Committee  entrusted  the  actual  running  of  the 
Symposium  to  the  three  of  us.  Having  taken  full  advantage  of  this  freedom  we  really  must  acknowledge  the 
act  of  faith  performed  by  the  Committee. 

All  in  all,  our  abiding  reaction  is  that  the  Eleventh  Symposium  was  ‘quite  a party’.  We  only  hope  that  the 
participants  enjoyed  it  as  much  as  we  did. 

R.  E.  D.  BISHOP 
A.  G.  PARKINSON 
W.  G.  PRICE 


WELCOMING  ADDRESS 
THE  RIGHT  HON.  LORD  ANNAN 

PROVOST,  UNIVERSITY  COLLEGE  LONDON 


In  opening  this  Symposium  and  welcoming  the  delegates,  let  me  say  how  delighted  I am  that  they  have  come 
from  all  parts  of  the  world  to  meet  here  in  London.  Ever  since  it  was  set  up,  University  College  has  always 
been  a pioneer  in  research  and  teaching.  It  was  the  first  university  in  England  to  teach  Engineering,  Medicine, 
and  Foreign  Languages,  and  it  tries  to  preserve  its  reputation  for  originality  by  developing  specialisms  within 
its  existing  departments.  It  is  very  appropriate  that  the  Eleventh  Symposium  should  be  meeting  here,  if  only 
for  the  fact  that  our  Department  of  Mechanical  Engineering  now  gives  priority  to  research  in  Naval  Architec- 
ture, and  has  incorporated  within  it  all  the  advanced  teaching  for  the  Royal  Corps  of  Naval  Constructors. 

WELCOMING  ADDRESS 
Dr.  S.  KOSLOV 

OFFICE  OF  THE  ASSISTANT  SECRETARY  OF  THE  NAVY  (R  & D),  USA 

I certainly  welcome  the  opportunity  to  be  here  today  and  unfortunately  send  the  regrets  of  Secretary  Marcy 
and  RADM  Geiger  for  their  inability  to  attend.  I had  the  opportunity  to  attend  this  Symposium  four  years 
ago  in  Paris  and  welcome  a chance  to  participate  again.  This  Symposium  series,  from  the  beginning,  has  been 
designed  to  be  an  international  forum  for  exchange  of  advanced  research  results  in  naval  hydrodynamics  and 
has  been  held  every  two  years  alternately  abroad  (from  the  US  viewpoint)  and  in  the  United  States.  This  is  the 
twentieth  anniversary  of  this  Symposium  and  also  the  thirtieth  anniversary  for  ONR.  It  is  fitting  indeed  to  have 
this  special  anniversary  event  here  in  the  United  Kingdom  in  that  it  is  the  first  held  in  the  United  Kingdom. 

Our  British  colleagues  have  continually  made  major  contributions  to  the  success  of  the  Symposia. 

We  are  honored  by  the  participation  of  the  Admiralty  Experiment  Works  and  the  National  Physical 
Laboratory  in  sponsoring  this  symposium.  The  US  Navy  and  ONR  in  particular  have  had  a long  continuing 
and  fruitful  history  of  collaboration  with  these  establishments.  We  are  deeply  grateful  to  the  University  College 
London,  particularly  to  Professor  Bishop,  Dr  Parkinson,  and  Dr  Price  for  the  giant  role  that  they  have  played 
in  organizing  this  symposium  and  for  being  such  gracious  and  comfortable  hosts.  Let  me  also  personally  note 
how  much  work  has  gone  into  this  symposium  by  many  of  the  ONR  crew,  particularly  Ralph  Cooper.  I 
should  add  that  direct  participation  includes  twelve  countries:  Australia,  Canada,  Denmark,  Japan,  The 
Netherlands,  Norway,  Poland,  Sweden,  UK,  US,  USSR,  West  Germany,  as  well  as  representatives  from  many 
more. 

The  theme  of  the  symposium  ‘Unsteady  Hydrodynamics  of  Marine  Vehicles’  reflects  the  continuing  problem 
of  behaviour  of  ships  in  a seaway  with  its  implications  for  the  related  aspects  of  economics  and  safety  and  of 
course  for  military  operations.  A wide  variety  of  aspects  of  the  hydrodynamics  problem  are  included  in  the 
programme:  experimental  techniques  for  laboratory  research,  wave  forces  in  a seaway,  ship  motions  in  a seaway, 
special  attention  is  given  to  the  unsteady  behaviour  of  unconventional  craft— surface  effect  ships,  air  cushion 
vehicles,  and  hydrofoils,  structural  responses  of  ships  to  wave  forces,  the  special  problems  of  ships  operating 
in  shallow  water,  and,  finally,  unsteady  effects  related  to  propulsion.  Change  is  rapidly  evolving  in  the  pro- 
gramme from  that  of  some  years  ago,  both  in  the  form  of  new  concepts  in  marine  vehicles  and  in  the 
application  of  modern  computer  technology  to  handling  the  problems  of  great  complexity  involved. 

Thank  you  again  for  the  opportunity  to  meet  with  you  and  I look  forward  to  interacting  with  many  of  you 
over  the  next  week. 


? 
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WELCOMING  ADDRESS 
MR.  R.  J.  DANIEL 

DIRECTOR  GENERAL  SHIPS,  MINISTRY  OF  DEFENCE,  U.K. 

In  making  the  opening  address  to  this,  the  Eleventh  Symposium  on  Naval  Hydrodynamics,  I am  conscious  of 
being  in  the  presence  of  so  many  renowned  experts  in  a subject  in  which  we  have  seen  significant  developments 
in  the  past  decade,  developments  in  experimental  techniques,  in  theoretical  treatment  and  in  practical  applica- 
tion. The  papers  to  be  presented  at  this  Symposium  reflect  this  progress. 

Over  the  next  five  days  you  are  to  receive  papers  on  the  theme  of  the  Unsteady  Hydrodynamics  of  Marine 
Vehicles.  The  sessions  are  arranged  as  follows: 


1 & II 

Modern  experimental  techniques 

III 

Marine  vehicles  in  waves 

IV 

Unconventional  craft 

V 

General  hydrodynamics 

VI 

Structural  dynamics 

VII 

Marine  vehicles  in  restricted  waters,  and 

VIII 

Unsteady  propulsion 

The  scope  of  the  papers  and  their  authors  reflect  all  that  is  best  in  Hydrodynamics  and  Naval  Architecture. 

I have  two  general  comments.  Firstly,  1 believe  that  in  the  next  few  years  we  will  begin  to  accept  that  some  of 
the  unconventional  craft  are  numerous  enough  to  be  considered  conventional  for  certain  services  and  secondly 
I am  amused  that  the  final  session  is  on  unsteady  propulsion:  I have  a vision  of  the  Symposium  lurching 
through  its  final  session  like  a drunken  sea  captain. 

It  is  a truism  that  developments  in  the  Mechanical  Sciences  and  Engineering  have  depended  on  the  avail- 
ability of  suitable  tools  and  materials  as  well  as  an  understanding  of  the  problem  and  its  solution  the  most 
obvious  example  of  this  is  the  gas  turbine.  In  hydrodynamics  one  of  the  tools  that  has  become  available  in 
recent  years  has  been  the  computer.  In  the  past  we  understood  the  problem  and  suggested  means  for  its 
analysis  but  were  usually  not  able  to  solve  the  twenty-eight  or  so  simultaneous  differential  equations  that 
resulted. 

Classical  hydrodynamics  is  based  upon  steady-state  models  as  is  the  three-dimensional  modelling  technique 
pioneered  by  Froude.  It  was  a criticism  of  ship  hydrodynamic  research  in  the  past  that  there  appeared  to  be 
an  obsession  with  straight-line  motions  in  calm  water  to  an  extent  that  dynamic  qualities,  in  particular  control 
end  behaviour  in  a seaway  were  less  than  adequately  studied.  This  is  not  so  today,  and  this  Symposium 
reflects  the  change  of  attitude,  illustrating  that  there  is  now  an  attack  on  the  whole  problem  on  three  broad 
fronts. 

Firstly,  there  is  the  classical  frontal  assault  by  the  mathematician  supported  by  his  heavy  artillery  of  digital 
computation.  Not  only  are  some  complex  dynamic  problems  yielding  to  this  attack,  but  so  also  are  some  of 
the  steady-state  subtleties  of  viscous  flow. 

Secondly,  advances  on  the  flank  are  achieving  success  using  an  approach  based  upon  the  measurement  of 
forces  required  to  constrain  models  along  precise  and  pre-determ ined  paths  a technique  pioneered  by  two  of 
this  morning's  authors  with  their  development  of  the  submarine  planar  motion  mechanism  in  the  USA. 

Finally,  there  is  the  assault  from  the  rear,  a converse  approach  where  the  time  history  of  random  or  loosely 
controlled  manoeuvres  at  full  size  or  model  scale  are  dissected  and  then  re-synthesized  as  cause/effect 
relationships  using  systems  identification  techniques. 

Our  ability  today  (or,  rather,  vour  ability  today)  to  attempt  numerate  solutions  to  these  more  difficult  and 
time-consuming  problems  and  the  analysis  of  experiments  has,  of  course,  led  to  the  design  and  introduction  of 
more  complex  experimental  equipment  into  hydrodynamic  research  establishments,  together  with  the 
instrumentation  and  people  to  support  them. 

Further  factors  that  have  fed  the  awakened  interest  in  theoretical  hydrodynamics  have  been  the  expansion  in 
seaborne  trade,  the  remarkable  increase  in  the  size  of  large  ships  and  the  development  of  new  sorts  of  ships 
and  marine  vehicles.  The  developments  in  Naval  Architecture  in  our  lifetime  have  been  astonishing;  I do  not 
believe  that  the  man  in  the  street  understands  this;  but  then,  since  he  or  she  has  been  able  to  sit  in  his  home 
and  watch  man-made  vehicles  land  on  the  moon,  what  marvels  can  we  present  to  make  him  understand  the 
constant  battle  we  wage  to  extract  the  last  possible  percentage  of  efficiency  and  safety  against  that  restless  and 
relentless  element,  the  sea? 

I have  mentioned  the  new  techniques  available,  the  facilities,  including  analogue  and  digital  computers, 
which  will  make  solutions  possible,  and  the  commercial  requirement  for  better  ships  and  offshore  rigs  that  has 
fuelled  the  demand  for  deeper  understanding  and,  may  1 say,  encouraged  a significant  increase  in  the  numbers 
of  excellent  people  working  in  these  fields.  These  are  all  significant  but  to  me  the  most  significant  development 
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has  been  the  acceptance  that  all  of  the  problems  of  a ship's  behaviour  at  sea  are  aspects  of  one  set  of  equations 
(admittedly  a very  big  set  of  equations)  which  represent  the  dynamic  behaviour  of  a non-rigid  body  and  its 
propulsor  in  a non-uniformly  disturbed  fluid. 

In  the  past  we  could  only  provide  solutions  to  dynamic  situations  by  static  treatment  and,  of  course,  we 
frequently  made  a series  of  static  calculations  to  iterate  towards  an  understanding  of  the  dynamic  solution. 

This  is  why  it  was  desirable  if  not  essential  not  to  depart  too  much  from  previous  successful  practice.  Today 
we  have  a greater  facility  by  theory  and  experimentation  to  understand  the  possible  consequences  of  change  and 
the  wholeness  of  a ship's  responses  to  the  hydrodynamic  forces  imposed  upon  it. 

In  opening  this  Symposium  may  I therefore  congratulate  the  authors  on  their  papers  and  I am  sure  on  the 
lively  discussions  that  will  ensue,  observe  the  greater  understanding  that  today's  problems  demand  and  the 
measures  that  you  are  clearly  taking  in  your  daily  work  to  solve  them,  and  finally  to  remark  with  pleasure 
that  experts  from  so  many  nations  can  come  together  to  discuss  hydrodynamics  at  this  Symposium. 


XIII 
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CORRIGENDA 


Pages  145-160 

Captions,  in  full,  should  read  as  follows: 

Fig.  1(a):  Vertical  beam  tests  in  No  2 tank.  Wave 
behind  carriage 

Fig.  1(b):  Vertical  beam  tests  in  No  2 tank.  Waves  in 
test  area 

Fig.  2:  Sketch  of  experiment  in  small  channel 
Fig.  3:  Photographs  of  small  channel  experiment: 

(a)  view  from  above:  (b)  balance  arm  before 
installation 

Fig.  4:  Wave  profiles  in  small  channel:  (a)  15° 
incidence:  (b)  20c  incidence;  (c)  25°  incidence; 

(d)  90:  incidence 

Fig.  5:  Results  from  tests  in  small  channel 

Fig.  6:  Diagrammatic  sketch  of  prototype  installation 
in  No  2 tank 

Fig.  7:  Photographs  of  prototype  experiment:  (a) 
first  crest  behind  carriage:  (b)  wave  train  behind 
carriage;  (c)  wave  passing  test  cylinder 

Fig.  8:  Layout  of  experiments  in  No  2 tank 
Fig.  9:  Results  of  experiments  in  No  2 tank:  series  I, 
conditions  at  and  behind  flap,  (a)  Sample  wave 
traces;  (b)  wave  height  //,  vs  speed;  (c)  flap  drag 
vs  speed;  (d)  wave  steepness  //,/A  vs  speed;  (e) 
wetted  chord  /.«  vs  speed 

Fig.  10:  Results  of  experiments  in  No  2 tank:  series  I, 
conditions  at  test  cylinders,  (a)  Sample  wave  traces; 

(b)  sample  wave  spectra;  (c)  wave  height  //,  vs 
speed;  (d)  wave  steepness  //2/A  vs  speed 

Fig.  1 1 : Results  of  experiments  in  No  2 tank:  series 
II,  conditions  at  test  cylinders 
Fig.  12:  Energy  convergence 
Page  218 

Column  1,  line  7:  Sentence  beginning  ‘It  is  evident 
. . . ’ should  read:  ‘It  is  evident  that  model  forebody 
shape  can  have  a calculable  effect  on  stern  boundary- 
layer  development  and  viscous  pressure  distribution.’ 

Page  355 

Column  I.  line  41  should  read: 

y.  Trajectory  coordinates  of  craft  C.G. 

Page  361 

Column  2,  first  line  of  eq.  (8)  should  read: 

m(u  — rv)  = X 

Page  362 

Column  I,  first  line  of  eq.  (10)  should  read: 

m(u  — rv)  = X pre  + Afitrag  + Xf, 

Page  363 

Column  2.  line  55,  for  ‘26  knots’  read  ‘27  knots’ 

Page  370 

Fig.  1 1,  line  2 of  caption  should  read:  ‘of  —2°  and 
an  immersion  ratio  of  21.2  X 10~3’ 

Page  512 

Co*umn  2,  reference  2,  for  ‘J.  Fluid  Mech.  (to  be 
published)’  read  ‘J.  Fluid  Mech.,  1975.  71.  273-282’ 


Page  5 1 3 

Fig.  2,  line  2 of  caption  should  read  ‘with  m = 0.5A/ 
vs.  dimensionless  wavenumber  v for’ 


Page  5 1 5 

Figs.  14  and  15.  The  diagrams  should  be  interchanged. 
The  captions  are  correct. 

Page  519 

Left  column,  9 lines  below  equation  (14),  replace 
‘quadrupole’  with  ‘octapole’ 

Left  column,  11-14  lines  below  equation  (14),  omit 
the  phrase,  ‘or  equivalently,  . . . remains  the  same.’ 

Page  520 

Equation  (28)  last  term  on  the  middle  line  should  read 


Equation  at  top  of  right  column.  The  last  term 
should  read: 


Equation  (30),  last  term 


Equation  (31)  is  subject  to  the  above  mentioned 
corrections  in  equations  (28)  and  (30). 


Equation  (32),  middle  line,  bracket  should  read 


cos  ip  + O 


(e2|°g|)] 


Page  521 

Equation  (34),  last  term  should  read 
b*  T 3 

+ er  tt  p — V2 1 1 — - cos2  6 


} 


Page  523 

Equation  between  equations  (58)  and  (59)  should  read 

...  , ,,  d b 

— t/„  cos  0 — U,  j- 
' d.? 

Also  add  the  two  relations 


U’n  = Un  — f Ibb’  and  12  = — en  . 

cs 


Third  equation  from  bottom  in  the  right  column, 
fS„  (s,  t ) = \u;  b\ 


Page  531 

Eq.  (3.4)  should  read 

V.M.  = - ~2{y  + log  Ka  - G,(A7;)  - ^ + 2 log  2} 

+ {T(Ka,Kh)  + A}?  + o{“  log  *}2, 
where 

T(Ka,  Kb)  = - >g  Ka  - G,(A/i)}  {log  Ka  G, 
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X (AT/|)  + 5}, 

7 16  f 3 , . 1t72 

A ~ 3tt  tt3  V 4 + 2 °8  2 4 

1 


fl  = 2y  - 3 + 4 log  2 - ^ tt2 


g-«3)+c}. 


THIS  PAGE 
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Page  689 

Replace  upper  half  of  diagram  by  the  following: 


C = 


00  00 

2 ^>m(4»i2- 

m=  1 n=  1 


1 


\)n(2n+\)  (2m+2n-\)  (2m-2n+\) 

**  0.0304; 


whence  (3.8)  becomes 

A(V.M.)  = -^-{y  - log  77  - 0,(1)}  + log 
->  0.1 166  as  a//i  -*■  0. 


Page  719 

Date  of  reference  (I)  should  read  1976 
Page  724 

Replace  Fig.  8 by: 


Therefore  the  maximum  is  perceptible  for  small  ajh. 
Page  668 

Fig.  2 should  be  replaced  by  the  following 


(yil,Zil>  Pi2=0 


<yi2'zil) 


Page  67 1 

Column  2.  line  21  should  read:  ‘scripts—  i.e., 
Nrl2  = t3N/crc'rv 
Page  674 

Column  2,  last  line  of  eq.  (20)  should  read: 


Cm  - «W5>(| 


Page  675 

Column  2.  third  line  of  eq.  (33)  should  read: 

+?.(!>]  f 

Page  676 

Column  2.  line  21  should  read: 


K*vi 


= (*r) 


Page  679 

Column  2,  line  27  should  read:  ‘Yaw  angle  1.0  ‘ 


J ■ BLAOE  FREQUENCY 

PRESSURE  IMPULSE  AMPLItuOS  ME*  SURE  0 FROM  MOOElTEST 
E2-  • ESSURE  IMPULSE  AMPLITUDE  CALCULATED 


Pages  73 1-743 

CORRECTIONS  TO  THE  PAPER 

SOME  IDEAS  ABOUT  THE  OPTIMIZATION  OF 
UNSTEADY  PROPELLERS 
by  J.  A.  Sparenberg 

In  section  3 of  this  paper  the  incoming  velocity  U is 
defined  in  the  wrong  direction.  In  Fig.  5 this 
incoming  velocity  has  to  be  positive  in  the  positive  .v 
direction  in  order  that  equation  (3.4)  will  be  valid. 


Fig.  5:  The  plan  form  A. 

The  thrust  has  to  be  reckoned  positive  in  the 
negative  x direction,  the  — sign  before  the  inte- 
grations in  (3.7)  has  to  be  changed  to  a 4-  sign. 

Also  the  formulae  which  follow  from  (3.7)  have  to  be 
changed  correspondingly.  Figure  6 has  to  be 
changed  as  follows. 


xv 


£ i IMccht  1977 


EXPERIMENT 


Fig.  6:  The  kinematic  profile:  (a)  during  upward 
stroke,  (b)  during  downward  stroke. 

In  section  7,  fifth  paragraph,  third  line,  read: 

— stant  Yorticity  to  the  whole  . . . 

Page  74  5 

Insert  the  following  acknowledgement: 

‘This  study  has  been  conducted  under  the  combined 
support  of  the  Naval  Sea  Systems  Command 
General  Hydrodynamics  Research  Program  under 
Contract  NOOOI4  67-A-0202  0047  and 
N 00014  75  C 0483  and  the  Office  of  Naval  Research 
under  Contract  N00014-76  M 0023  (NR062-549)’ 

Page  753 

Column  I,  line  37  should  read:  ‘any  pair  of  numbers 
in  the  two  sequences  which  differ’ 

Page  754 

Table  3 is  revised  as  follows: 

TABLE  3 

CORRELATION  OF  PREDICTED  AND  MEASURED  VALUES 
4-0-4  CR  SYSTEM 
Forward  Propeller  3686 
After  Propeller  3687-A 

Axial  Spacing  0.28  forward  propeller  radius  J l .l 
Q 0,  Steady  Stale 


THEORY 

EXPERIMENT 

Without 

With 

thickness 

thickness 

Forward  (Kt)k 

0. 1 26* 

0.1639* 

0.125 

Forward  (Kg)r 

0.0295* 

0.0373* 

0.0315 

After  <Kt)a 

0.145* 

0.1335* 

0.150 

After  <K„)a 

0.0330* 

0.0308* 

0.0315 

Q 2N  8 

Forward  (Kt)f 

0.0485 

0.0747 

0.0285 

Forward  (Kgh- 

0.0101 

0.0154 

0.0058 

After  (Kt)a 

0. 1 1 56 

0.1524 

0.0095 

After  (Kv)a 

0.0242 

0.0312 

0.0022 

* Including  friction 


Page  755 

Table  4 is  revised  as  follows: 

TABLE  4 

CORRELATION  OF  PREDICTED  AND  MEASURED  VALUES 
4-0-5  CR  SYSTEM 

Forward  Propeller  3686 
After  Propeller  3849 

Axial  Spacing  0.28  forward  propeller  radius  J l.l 
Q 0,  Steady  State 


THEORY 


Forward  (Kt)f 

Without 

thickness 

0.087* 

With 

thickness 

0.1060* 

0.130 

Forward  (Kg)F 

0.0207* 

0.0246* 

0.030 

After  (Kt)a 

0.161* 

0.1093* 

0. 1 30 

After  (Kv)a 

0.0361* 

0.0255* 

0.028 

Qr  = 2NI^  1 = 9 

Forward  (Kfii)f 

0.0079 

0.0239 

0.0075 

Forward  (Ket)f 

0.0079 

0.0239 

0.0074 

Forward  (Kgn)p 

0.0062 

0.0053 

0.0040 

Forward  (Kgv)E- 

0.0062 

0.0053 

0.0041 

(?a  = 2Nt-  4 / 9 

After  (Kfii)a 

0.0231 

0.0275 

0.0057 

After  (Kfv)a 

0.0231 

0.0275 

0.0046 

After  (Kgn)A 

0.0159 

0.0181 

0.0023 

After  (Kgv)A 

0.0159 

0.0181 

0.0023 

* Including  friction 


Add,  at  end  of  ‘Conclusions’  section: 

Some  remarks  are  in  order  on  the  discrepancies 
between  theory  and  experiment. 

(1)  A few  years  ago  an  attempt  was  made  to 
calculate  unsteady  thrust  and  torque  of  a 
counterrotating  propeller  system  by  a stripwise 
method  following  the  Kemp  and  Sears  approach 
for  the  mutual  interference  of  blades  in  cascade 
due  to  relative  motion  of  successive  blade  rows. 
Results  of  this  study  have  shown  that  the  un- 
steady thrust  of  the  after  propeller  is  much 
higher  than  that  of  the  forward  propeller,  when 
the  bound  vorticity  and  the  vortex  wake  shed 
by  the  forward  propeller  are  taken  into  account 
either  with  flat  plate  modes  or  with  an 

elliptic  distribution. 

(2)  Furthermore,  observation  of  Dr.  Wereldsma’s 
experimental  results  (although  these  are  for 
non-uniform  inflow  conditions),  especially  of 
the  time  records  of  the  horizontal  and  vertical 
blade  bending  moments,  show  that 
superimposed  on  the  fluctuations  due  to  the 
wake  at  blade  frequency,  are  the  fluctuations  due 
to  blade  interference  at  blaae-blade  crossing 
frequency.  It  can  be  seen  that  these  fluctuations 
due  to  interference  are  much  larger  for  the 
after  propeller  than  for  the  forward. 

The  question  of  the  discrepancies  thus  cannot  be  con- 
sidered a closed  subject,  but  requires  further  investi- 
gation both  theoretical  and  experimental. 

Page  813 

Fig.  9d:  Curve  labelled  ‘Without  dynamometer  boat’ 
should  be  labelled  ‘With  dynamometer  boat’. 

Curve  labelled  ‘With  dynamometer  boat'  should  be 
labelled  ‘Without  dynamometer  boat’ 

Page  815 

Fig.  I la:  Curve  labelled  ‘4-0.6’  should  be 
labelled  ‘ 4 1 .06’ 
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SESSION  I 

MODERN  EXPERIMENTAL  TECHNIQUES  (I) 

Monday,  29  March  1976 
10.00—12.30 
Chairman:  E.  P.  Lover 

Transient-maneuver  testing  and  the  equations  of  maneuvering  by  T.  Frank,  D.  J. 

Loeser,  C.  A.  Scragg,  O.  J.  Sibul,  W.  C.  Webster,  and  J.  V.  Wehausen 
Advanced  experimental  techniques  for  testing  ship  models  in  transient  water  waves. 
Part  1 The  transient  test  technique  on  ship  motions  in  waves,  by  S.  Takezawa 
and  M.  Takekawa 

Advanced  experimental  techniques  for  testing  ship  models  in  transient  water  waves. 
Part  II  The  controlled  transient  water  waves  for  using  in  ship  motion  tests,  by 
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This  paper  discusses  the  choice  of  an  appropriate  set  of  linearized  equations  for  maneuvering  and  suggests 
the  use  of  the  planar-motion  mechanisn  and  transient  maneuvers  to  determine  the  coefficients  occuring 
in  the  selected  equations.  Details  of  the  necessary  analysis  and  the  results  of  experiments  are  included. 
The  relation  between  the  selected  equations  and  the  classical  equations  of  maneuvering  is  discussed  and  it 
is  shewn  that  "quasi-steady*'  solutions  of  the  former  are  approximated  uniformly  by  solutions  of  the  latter. 


1.  INTRODUCTION 


This  paper  describes  the  results  obtained 
so  far  in  trying  to  apply  to  the  maneuver- 
ing of  ships  ideas  introduced  by  Cummins* 
(1962),  Newman  (1966),  and  Brard  (1964, 
1972,  1973).  The  work  of  these  authors 
has  provided  the  theoretical  framework  for 
the  work  to  be  reported  here;  in  particular, 
they  have  provided  the  equations  of  motion 
upon  which  the  experimental  procedures 
described  later  are  based. 

The  difference  between  the  approach  of 
these  authors  and  the  customary  one  lies 
in  the  description  of  the  hydrodynamic 
force  and  moment  acting  upon  a ship  during 
a maneuver.  This  difference  might  be  cari- 
catured as  follows.  Let  represent  the 
lateral  displacement  of  tile  center  of 
gravity  of  a ship  from  a straight  course 
and  suppose  it  to  be  the  only  perturbation  of 
the  motion.  Then  in  the  customary  approach 
the  equation  of  motion  for  the  lateral 
mode  of  motion  is  taken  in  the  form 

(1) 

where  the  hydrodynamic  force  is  assumed 
to  be  expressible  as  a function  of  the  two 
functions  0t  and  <L  , treated  as  if  they 
were  independent  variables.  The  other 
(and  in  our  opinion  sounder)  approach  is 
to  start  with  the  equation 


jpnjdS  , 

(2) 

with  the  pressure  p to  be  determined  by 
the  equations  of  hydrodynamics.  The 
difficulty  here  is,  of  course,  to  determine 

* References  are  identified  by  author (s) 
and  year  and  listed  in  alphabetical  order 
by  first  author  at  the  end  of  the  text. 


the  pressure  p . However,  there  does  exist 
the  possibility  of  formulating  a mathemati- 
cal problem  whose  solution  will  provide  p, 
whereas  no  such  possibility  is  envisaged 
for  Y , unless  it  should  turn  out  that  the 
right-hand  side  of  (2)  takes  this  form. 

In  either  approach  one  now  takes  some  steps 
to  simplify  the  problem.  In  the  first 
approach  one  assumes  that  Y may  be  expanded 
in  a Taylor  series: 

(3) 

One  may  then  stop  with  the  linear  terms, 
and  having  assumed  that  this  provides  a 
satisfactory  approximation,  proceed  to 
devise  an  experiment  to  measure  Yv  and  Y$. . 
According  to  the  underlying  assumption, 
these  coefficients  ("derivatives")  may 
depend  upon  the  Froude  number  but  not  upon 
the  velocity  components  associated  with  a 
maneuver . 

In  the  second  approach  one  must  bring  to 
bear  upon  the  problem  some  systematic 
approximation  procedure,  for  the  full 
problem,  although  it  can  be  formulated,  is 
much  too  complex  to  be  solved.  This  is 
the  seep  that  has  been  taken  by  Cummins 
and  Brard  in  the  papers  cited  above.  Cer- 
tain improvements  upon  Cummins'  work  were 
made  by  Ogilvie  (1964)  and  a foundation 
within  perturbation  theory  was  provided  by 
Lin  (1966) . The  first-order  terms  then 
provide  an  approximation  to  the  right-hand 
side  of  (2).  This  approximate  theory  also 
provides  a specific  form  for  the  right- 
hand  side  of  (2)  in  terms  of  the  functions 
tLand  , but  not  the  same  form  as  the 
first  two  terms  of  (3)  except  under  special 
circumstances.  The  constants  and  functions 
associated  with  this  form  are  in  principle 
computable  from  the  theory,  but  may  also 
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be  determined  from  experiment.  It  is  this 
second  possibility  that  we  shall  exploit 
here. 

There  is  still  another  procedure  that  one 
may  follow  in  trying  to  improve  upon  (1) . 
One  aspect  of  (1)  that  makes  the  right- 
hand  side  physically  unacceptable  as  a 
general  form  for  the  hydrodynamic  force  is 
that  the  force  at  time  t depends  only  upon 
the  velocity  and  acceleration  at  that 
instant  and  not  upon  the  preceding  behavior . 
This  is,  of  course,  demonstrable  for  the 
motion  of  a body  in  an  unbounded  fluid  if 
irrotational  motion  of  the  fluid  is  assumed. 
However,  the  presence  of  a free  surface 
obviously  provides  a means  of  recording 
the  previous  motion  in  such  a way  that  it 
can  affect  the  present.  In  order  to  meet 
this  objection  Bishop,  Burcher  and  Price 
in  a series  of  papers  (1973a, b 1974)  have 
replaced  (1)  by  the  equation 


rr'VY{if1w|t^°}  , 

(4) 

where  V represents  a functional  depending 
upon  the  whole  function  for  t&O 

Then  as  a sort  of  analog  to  the  Taylor- 
series  expansion  in  (3) , they  conjecture 
that  Y can  be  expanded  in  a Volterra 
series  in  ijtCO  and  3jj(0  : 


linearized  theory  in  a form  that  seems 
appropriate  to  us  in  the  light  of  the 
remarks  above,  we  wish  to  show  that  in 
theory  the  planar-motion  mechanism  can  be 
used  to  measure  various  ship-dependent 
quantities  entering  into  the  equations  oi 
motion  by  a procedure  that  appears  to  make 
a more  efficient  use  of  this  piece  of 
apparatus  than  the  usual  frequency-by- 
frequency testing.  Secondly,  we  wish  to 
report  upon  the  results  of  some  experi- 
ments employing  the  proposed  procedure. 

The  procedure  appears  to  be  new  in  maneuver- 
ing experiments,  but  is  well  known  in 
pitching  and  heaving  (see,  e.g..  Smith  and 
Cummins  1964).  It  is,  moreover,  closely 
related  to  a method  of  Nomoto  and  Karasuno 
(1969)  for  free  models. 

Finally,  in  view  of  results  briefly  re- 
ported by  Fujino  and  Motor a (1975)  and  by 
Nomoto  (1975)  at  the  14th  International 
Towing  Tank  Conference,  there  may  be  some 
question  as  to  whether  the  direction 
pursued  in  this  paper  is  really  worth  much 
further  effort,  for  their  calculations 
seem  to  indicate  that  for  practical  ship 
maneuvers  the  difference  in  predicted 
trajectories  using  the  usual  maneuvering 
equations  and  the  ones  used  here  is  mini- 
scule. Even  if  this  turns  out  to  be  the 
case,  we  believe  that  the  experimental 
procedure  described  below  may  turn  out  to 
be  an  efficient  way  of  using  the  planar- 
motion  mechanism.  Furthermore,  as  Fujino 
and  Motora  point  out,  steering  in  waves 
may  require  the  more  accurate  equations. 


(5) 

Here  the  functions  . . . are 

weighting  functions  determining  the  in- 
fluence upon  the  force  at  time  t of  the 
functions  and  Ut  at  an  interval  "t 
before  t . * They  may  also  depend  upon  the 
Froude  number.  Although  this  assumed  form 
for  Y is  not  associated  with  any  hydro- 
dynamic  problem,  so  that  there  is  no  way 
in  principle  of  computing  the  weighting 
functions,  it  is  possible  to  devise  ways 
of  measuring  them  if  the  series  does 
indeed  yield  a correct  expression  for  the 
pressure  integral  in  (2).  In  fact,  it 
will  turn  out  that  the  linearized  theory 
based  upon  this  approach  is  identical  with 
that  obtained  from  an  analysis  of  the 
hydrodynamic  problem  insofar  as  the  form 
of  the  dependence  upon  ij,  and  U4  is 
concerned. 

The  purpose  of  the  present  paper  is  two- 
fold. After  a brief  recapitulation  of  the 


2.  THE  EQUATIONS  OF  MOTION 


We  shall  take  the  same  coordinate  system 
used  by  Mandel  (1967)  . is  an 

inertial  coordinate  system  fixed  in  the 
fluid  with  1,-0  being  the  undisturbed 
water  surface;*  0,J«  is  downwards.  0)04  V 
is  a coordinate  system  fixed  in  the  shrp. 
We  shall  suppose  that  the  plane  is 

its  longitudinal  plane  of  symmetry  and 
that  the  (x }\l)  plane  coincides  with  the 
equilibrium  water  surface  when  the  ship  is 
at  rest.  For  convenience  we  may  suppose 
that  the  (HjV)  plane  contains  the  mid- 
ship section/  In  this  coordinate  system 
the  center  of  mass  of  the  ship  will  be 
supposed  to  be  at  ^ with  3^=0 

in  almost  all  applications”.  Although  it 
is  always  easier  to  express  the  equations 
of  motion  in  terms  of  the  motion  of  the 
center  of  mass  and  rotations  about  it, 
the  center  of  mass  of  a particular  ship 
may  vary  with  the  loading,  whereas  the 
system  will  remain  the  same 

At  any  instant  let  (x„(0,  CO) 

be  the  coordinates  of  O with  respect  to 
Oo^oV®  ) and  ^ W be  the  angle 
between  0o\  and  0\>  : the  positive 
direction  is  from  Ox  to  Oiy  as  usual. 

If  V’=(x„,'jpo,0)  , then  the  angle  between 

Ox  and  3?  will  be  denoted  by  pa) . 

Figure  1 shows  the  two  coordinate  systems 
and  the  angles  'H'  and  j£>  . 


© IMecht  1477 


4 


15 


We  now  make  some  assumptions  that  will 
simplify  our  problem,  but  of  course  also 
restrict  in  principle  the  applicability  of 
the  equations.  (1)  We  suppose  the  water 
surface  smooth  except  for  the  disturbance 
caused  by  the  ship.  (2)  Although  we  do  not 
require  that  the  ship  not  trim,  squat  nor 
heel,  we  do  suppose  that  if  the  ship  does 
trim,  squat  and  heel,  there  is  no  signif- 
icant interaction  with  surge,  sway  and 
yaw.  As  a consequence  we  may  take 
■Jr, = 0 . (3)  The  fluid  will  be  taken 

to  be  inviscid  and  its  motion  irrotational . 
Consequently  the  action  of  the  water  on 
the  ship  can  take  place  only  through  nor- 
mal pressure. 

The  choice  of  a model  for  the  flow  about 
the  ship  remains  to  be  made.  We  shall 
suppose  that  the  disturbance  of  the  free 
surface  is  small  enough  that  the  linear- 
ized free-surface  boundary  condition  can 
be  used.  When  the  ship  is  on  a straight 
course  with  no  side  forces,  we  suppose 
that  the  velocity  is  everywhere  continu- 
ous as  well  as  irrotational.  However, 
when  the  ship  departs  from  a straight 
course,  we  shall  suppose  that  starting  at 
that  instant  a discontinuity  (vortex  sheet) 
forms  at  the  trailing  edge  of  the  rudder 
and  at  least  that  part  of  the  stern  that 
terminates  with  an  edge.  Even  on  a 
straight  course  there  may  be  a small  rudder 
angle  to  compensate  for  the  effect  of  the 
ships  screw  or  lack  of  hull  symmetry,  and 
hence  a trailing  vortex  sheet. 

A systematically  developed  perturbation 
theory  based  upon  such  a model  does  not 
seem  to  exist.  The  work  of  Cummins  (1962) 
and  Lin  (1966)  assumes  only  small  de- 
viations from  a uniform  motion  and  a con- 
tinuous velocity  field  everywhere.  The 
work  of  Brard  (e.g.,  1972  and  1973)  admits 
trailing  vortex  sheets,  but  does  not  pro- 
vide a derivation  of  a set  of  linearized 
equations  within  the  framework  of  a per- 
turbation theory.  However,  the  results  of 
these  papers  and  of  other  related  ones  in 
airfoil  theory  support  the  conjecture  that 
the  set  of  equations  to  be  introduced  be- 
low represent  properly  the  hydrodynamic 
force  and  moment  within  the  limitations  of 
linearized  theory. 

Since  ( x« >*}(•>  ^0  ate  not  at  the  cen- 

ter of  mass  of  the  ship,  the  equations  of 
motion  in  the  inertial  system  take  the 
following  form: 

m[V  V?  -^4Wf  V + X. , 

(6) 


where  subscripts  # on  Xg0  and 

indicate  that  the  external  force  has  been 
resolved  in  the  directions  0a  X,  and 

Oo’J#  , respectively  and  similarly  for 

Yit0  j 'fty.o  ; N go  is  the  moment  of 

the  force  about  0 ^ , 7»l  is  the  mass  of 
the  ship  and  1 0 its  moment  of  inertia 
about  . The  same  equations  may  be 

rewritten  in  the  ship  coordinate  system 
Oxi^  • we  write 


u,=  x0go6v  + y.Ainr  , 
v = mi  v if a cat  yr  , 

(7) 

the  equations  above  become  the  following: 

s 

m[ V' + u4  +x£r-  « J.p  rij  d S + VE  , 

s 

I0*f +m[x^(v+tw')  - ij*(u-v4)J  = 

NI0  - 

(8) 

where  now  and 

are  referred  to  o*^  . 

As  has  been  indicated  earlier,  the  chief 
difficulty  in  the  theory  is  in  evaluating 
the  pressure  integrals.  For  this  purpose 
we  shall  suppose  that  we  may  write 


U = Ue-U,  , 


and  that  U()  Vj  and  “S’  are  "small"  in 

some  unspecified  sense.  It  follows  that 
^ will  also  be  "small"  As  a result  of 

this  assumption  of  smallness,  one  may 
simplify  equations  (8)  by  discarding  pro- 
ducts of  small  quantities  on  the  left-hand 
side;  at  the  same  time  the  right-hand  side 
may  be  replaced  to  the  same  order  of  approx- 
imation by  the  expressions  shown  on  the 
right-hand  side  of  (10) . This  yields  the 
following  equations  (with  from 

symmetry) : ‘ 


16 


m[vu.v  +xsM>]  - " 


•0 

| j\iX  ~~t)  I\l^  (t)  d.'t 


- - fyt - 

o 

oo 

-j4(t-Y)N^CY)dr  +YB , 


( j%+w,\^  + |\,V’+Jv(t-T)l^(T)aTr  + 

+ (l+/0^  + 


I.y  + "iVvvfl  = - irHVv  - 

OO 

-p1ft-r)N,it)a'<'+  ls/E0  . 

o • 


(10) 

The  equation  associated  with  U#  has  been 
omitted,  but  the  subscript  on  XgJ  in- 
dicates that  we  have  decomposed  Xg=  Xw+ 
Xpj  . Even  if  U#  3 constant,  there 

will  be  a Xeo  term  to  balance  the  wave 
resistance.  The  constants  >*»>  ) ’ ' 

and  the  functions  NM,"  ‘ ' are  in  prin- 
ciple determinable  by  solving  a potential- 
theory  problem  (not  yet  formulated  in  the 
most  general  situation) , but  we  shall 
follow  here  a different  procedure. 

The  external  force  and  moment  components 
Yf  and  Ng0  can  be  the  result  of 

rudder  forces,  wind  gusts,  or  any  other 
applied  force  not  included  in  the  pressure 
integrals.  In  an  application  of  the 
equations  discussed  later  they  will  be  the 
force  and  moment  applied  to  a model  by  the 
Planar-Motion  Mechanism  (PMM) . 

The  integrals  in  (10)  represent  the  effect 
of  the  history  of  the  motion  in  the  inter- 
val from  - to  t . If  one  wishes  to 

discuss  an# initial-value  problem  in  which 
and  4 are  zero  before  t=0  , the 

limits  of  the  integrals  will  be  taken  from 
0 to  t 


OO 

+ J^-'c)NVY(-rU'r  = NeU)  . 

° (id 

We  have  dropped  the  first  (surge)  equation 
of  (10)  , for  it  is  not  coupled  to  the  other 
two  and  we  shall  not  discuss  it  further. 


It  will  be  convenient  to  have  the  Fourier 
transform  of  these  equations.  For  abso- 


lutely inte 


|(o>)  - fp)eiulit 


define 


(12) 

Since  all  the  functions  in  our  analysis 
have  the  property  that  f.d)=0  for  0 

we  have 


|M  = |c-ijs  . 


It  follows  that 

A A 


<WI  i ,M=-/,ft>) 


(13) 


(14) 


and  also  that 


= j|(w)exw  du  = 

-•o 
•o  ^ 

= 4 { [|tfoWw<  -*vf,  QdjJUL  Vt]du)  = 

0 

•0A  «o 


(15) 


Taking  the  Fourier  transform  of  (11)  , one 
finds  the  following  pair  of  equations: 


We  follow  custom  by  defining  & *■'4  and 
write  the  last  two  equations  of  (10)  as 
follows  (dropping  the  subscript  on  ) : 

•• 

(m  +|yr  *Jv#-^N)Jtc)dn:  + 

+ (^*+m\VW|V+*u«)A  + 


[iw(m^n)+^+Nn(u)]v  + 
■*’M/V+lw0+  mu.+  = Yt  , 
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A A 

+ M I« + ^ + (Vm\u* + K, tJX  = Me  . 

Kl  ' (1£ 

Note  that  th^  various  N i are  complex: 

^)t=  ^)y-~  * ) *^C" 


3.  PLANAR-MOTION  MECHANISM 

A planar-motion  mechanism  (PMM)  is  a de- 
vice that  allows  a controlled  motion  of 
a model  in  one  plane,  in  our  case  the 

plane,  while  it  is  moving  forward. 

The  device  is  attached  to  the  towing 
carriage,  and  two  rods,  separately  con- 
trollable, are  attached  to  the  model  at  a 
forward  point  B and  an  after  point  S 
At  the  same  time  that  the  motion  of  the 
rods  is  being  controlled  and  recorded,  the 
force  components  in  the  rods  required  to 
move  the  model  are  being  measured  and  re- 
corded. Figure  2 is  a schematic  drawing 
of  a PMM. 

The  PMM  was  introduced  originally  by  M. 
Gertler  and  A.  Goodman.  A detailed  des- 
cription is  given  in  Goodman  (1960) . 

In  Figure  2 the  points  of  attachment,  B 
and  S , of  the  rods  have  been  taken 
equidistant  from  the  coordinate  origin  0 . 
Although  this  is  convenient,  it  is  not 
necessary,  and  the  analysis  is  easily  ex- 
tended to  the  more  general  situation.  The 
distances  and  are  controllable 

and  may  be  considered  as  given  functions 
of  time : and  . Both  N* 


jiven  fui 
M) 


Both  ^ 


and  are  then  also  determined  as  func- 
tions of  time  as  we  shall  see  below.  The 
forces  components  measured  in  the  longi- 
tudinal direction  of  the  bars  will  be 
denoted  by  Y& Cl)  and  Y^Ofc) 

Let  us  now  consider  the  kinematics  of  the 
PMM.  If  the  carriage  is  moving  with 
velocity  U in  the  direction  0oX4  , 

then  the  path  of  the  point  0 is  given  by 

• ll7l 

Its  slope  is  given  by 

+ • (l„ 
The  velocity  of  0 in  the  system 
is  given  by 

'*<))• 

In  the  system  0%^.  it  is  given  by 

s-(u,v)=  H*,**f) 


The  angle  “'f'  is  determined  by 

, (21) 

and  the  angle  |S  by 

*)  ■ (22) 

We  shall  suppose  that  both  ‘V’  and  jZ  are 
"small",  so  that 

(23) 

We  then  have  the  following  expressions  for 
$ in  Oxy  : 

(u,»)s(U,^,*p-U5lgt»)  . (2j) 

Hence,  in  terms  of  the  measured  quantities 
and  «£s  we  have 

»■-  Uvy)-  > 


These  are  the  variables  appearing  on  the 
left-hand  side  of  (11) . The  force  and 
moment  on  the  right-hand  side  are  given  by 

w-vy , w-Mi-x)  ■ 

If  • %&)  • VBt*)  and 

VCO  have  been  recorded,  it  is 

possible  to  calculate  their  Foprier  trans- 
forms numerically:  Ys(w)  • 

From  (25)  we  find 
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Then 


and 


A-  ‘StjriV 


(27) 


4.  ANALYSIS  OF  PMM  DATA 

We  may  now  substitute  the  forms  of  V" 
and  a in  (27)  into  the  transformed 
equations  of  motion  (16)  : 

A A 

A A 

+ [pJ,+«U+N)^+^(^,-H«K.4ViN)„]. 

“S  (y i j]=yy -■(  'y  'i, ) i 

(28) 

[vV'^'^'V 

■|g(vy*ia(vyi=(yx.Mi'Xs)<i  • 

In  these  equations  ope  v^ill  have  measured 
the  factions  <^4"  , 

and  Ys  . Hence  the  equations  may  be 

used  to  determine  various  clusters  of 
coefficients.  We  shall  assume  that  ex- 
periments have  been  carried  out  in  which 
IL_=  Us  = 0 for  <<0  and  such  that 

=£  0 


for  any  03  . 


Although  there  are  infinitely  many  ways  of 
using  the  equations  (28)  to  determine  the 
coefficient  clusters,  we  shall  consider 
in  detail  only  the  two  described  below. 
However,  Appendix  I describes  a different 
way  of  using  equations  (28)  and  of  analy- 
sing the  measured  quantities. 

Case  A 

Let  us  suppose  that  the  PMM  is  programmed 
to  move  the  model  in  such  a way  that 
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equations  (28)  take  the  following  form 
after  separating  real  and  imaginary  parts: 

(fyi'W'H*- 


(29) 


A 

<s  i 


n 

VXc 

+ f^)-  Nfl.  ]^M=XS+X 
(|Vj+iVHk- 

(XrXV  * 

A 

-[u(^+mx,VNVJ>]«V  • 

As  long  as  ^ q , equations 

(29)  allow  in  principle  determination  of 

(3tt+lV  and 

and  equations  (30)  of  + Ci  \ and 

In  matrix  and  col-  un-vector  form  the  solu- 
tions are  as  follows: 


(30) 


1 

i >\ 

U\ 

iv  >/ 

A A 

v+y 

1 K.  » 

(31) 


( c, 

vV 


ft 


6c 


A \ 

> 

A 

‘V 


It- Y \ 


A A 

Y-Y 

Bt  ** 


I 

(32) 


Case  B 


It  is  evident  that  the  PMM  maneuver  of 
Case  A has  determined  only  half  the  coef- 
ficient clusters  in  (28) . For  a second 
maneuver  we  choose  one  such  that 


y-%  • Then  vi.  • 


and  equations 


19 


(28)  yield  the  following: 

(33) 

'(^™aV)iK[‘V",^)-V]zV= 


(34) 

'(^nu+(u&kK*^'^i = 


These  equations  clearly  allow  us  to  deter- 
mine the  remaining  coefficient  clusters. 

In  a form  analogous  to  (32),  they  are  given 
as  follows:  . 

j _ 


» 


(36) 

It  is  evident  that  determination  of  this 
last  set  of  four  coefficient  clusters  re- 
quires prior  determination  of  the  earlier 
set  of  four.  Although  it  is  possible  in 
principle  to  program  the  PMM  so  that  this 
last  set  could  be  determined  independently, 
as  is  done  in  the  usual  frequency-by- 
frequency procedure,  to  do  so  would  have 
complicated  the  actual  experiments  consid- 
erably. Note  that  the  measured  Y8(.£) 

and  used  in  forming  (35)  and 

(36)  are  not  the  same  as  those  used  in  (31) 
and  (32)  and  that  the  i^8(t)  do  not 

need  to  be  the  same. 

Extended  Fourier  Transform 


Underlying  the  calculation  of  the  Fourier 
transforms  in  the  preceding  formulas  is  the 
assumption  that  the  functions  ? 7 

v8  7 and  Ys  are  absolutely  inte- 

grable.  In  fact,  what  we  expect  practically 
is  that  the  values  return  to  zero  after 
some  time  tg>  0 . In  practice  this 

is  hard  to  realize  smoothly.  It  would  be 
much  easier  experimentally  if  it  were 
possible  to  allow  any  of  the  above 
functions  to  become  a nonvanishing  constant 
for  t > some  value  <t0  . In  this 

case  the  derivative  would  be  absolutely 
integrable  even  though  the  function  is  not. 
A simple  extension  of  the  definition  of 
the  Fourier  transform  allows  one  to  in- 
clude such  behavior. 


If  one  takes  the  derivative  with  respect 
to  t of  the  equations  (11)  , it  is 
evident  that  the  functions  7 Ye 

and  Ne  all  have  another  dot  added  on 


top.  If  one  then  refers  to  (25)  , one  sees 
that  the  variables  }i>  can 


be  expressed  in  terms  of 


> ’ V 


and 


higher  derivatives.  Hence,  for  a forced 
motion  of  the  desired  kind,  one  can  still 
use  the  solution  ( 31)  , ^(32) , ( 35)^ and  (36) 
provided  one  replaces  it  * v ' 

and  Y,  by  ^ , «j4  , 

This  would  seem  to  require  a preliminary 
differentiation  of  the  recorded  data  be- 
fore making  the  Fourier  transform.  To  see 
that  this  is  not  the  case  let  be  any 

one  of  these  functions  and  consider 


and 


X 


© IMcchE  1977 


1.10 


\-  fee“Vt  -ti/fte**- 

o v 

0 V 

If  we  now, define 

, (JJ) 

we  see  that 

A A 

|=  ^ 


as  in  the  usual  Fourier  transform.  It  is 
tl\en  evident  from  inspection  of  (31),  (32), 
(35)  and  (36)  that  we  may  continue  to  use 
them  in  their  present  forms  (i.e.,  without 
the  dots)  provided  that  we  interpret  the 
Fourier  transform  as  in  (37).  This  is, 
of  course,  equivalent  to  the  well  known 
interpretation  of  the  Fourier  transform  of 
a step  function  at  X0  with  jump  • 

Indeed,  in  calculating  an  inverse  trans- 
form, a term  like  ~jlu1  will 

transform  into  a step  function  of  jump  A 
at  t~4.0  • Such  a te^-m  will  show  up 

by  calculating  ium. 


Effect  of  Filter 

In  measuring  1 and 

Vs  it  was  convenient  to  use  a filter 

in  order  to  smooth  out  noise  in  the 
recorded  signals.  Preliminary  tests  in- 
dicated that  the  filter  was  linear.  Hence, 
if  jCO  represents  any  of  the  above 

functions,  filtering  it  through  a linear 
filter  is  equivalent  to  replacing  by 

_ «•  wo 

jWt)te=i  ,(38) 

where  0 for  TT  < 0 and  htf"  is 

absolutely  integrable.  Generally  "Ur(>t)  has 
the  form  shown  in  Figure  3. 


It  is  easy  to  vejrify  that  the  Fourier 
transform  of  {(t)  is  given  by 

{(u)-j(u)  ur(Q)  , (39) 

and  that  this  equation  is  valid  also  with 
the  extended  interpretation  (37)  of  the 
Fourier  transform.  However,  in  applying  \ 
(37)  one  should  be  aware  that  l(jtj  does 
not  become  constant  for  jti  t “ but 

rather  for  K } ? after  which 
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If  one  now  examines  (31),  (32),  (35)  and 
(36),  one  sees  immediately  from(39)  that, 
a^  long  as  identical  filters  are  used,  the 
vr’A.  will  cancel  on  the  right-hand  sides 
and  there  will  be  no  loss  of  accuracy  in 
determining  the  left-hand  sides. 


5.  TESTING  FREQUENCY  BY  FREQUENCY 

In  the  conventional  use  of  the  PMM  a 
separate  pair  of  tests  is  made  for  each 
value  of  to  in  which  one  is  interested, 
the  model  being  forced  to  make  a periodic 
motion.  If  the  forced  motion  is  deter- 
mined by 

Vao  **(&+*>)  , 

V a.A*(ai+0Cf)  , (40) 

then  the  pair  of  tests  correspond  to  the 
choices  ot,R  = oCs=  0 and  o£R=  — tx.$  = £, 

where  txtt  t - COti/lJ  . These  choices  may 

substituted  into  (25)  and  thence  into  the 
equations  of  motion  (11).  This  leads  by 
easy  manipulations  to  well-known  formulas 
determining  the  same  coefficient  clusters 
shown  on  the  left-hand  sides  of  (31),  (32), 
(35)  and  (36).  We  omit  the  derivation  of 
the  formulas,  which  is  straightforward.  If 
the  forces  on  the  bow  and  stern  rods  of 
the  PMM  are  expressed  as  follows: 

Ys=  \cOL,U  + YssM*vt  , (41) 

then  the  formulas  for  the  coefficient 
clusters  are  those  shown  below: 


Pure  Sway:  0^=0 ls»0  . 


Ill 


(43) 


As  has  been  pointed  out  by  Bishop,  Burcher 
and  Price  (1974),  the  Kramers-Kronig 
relations  (see,  e.g.,  Kotik  and  Lurye , 

1964)  provide  equations  relating  the  coef- 
ficient clusters  in  each  of  the  bracketed 
pairs.  They  further  note  that  these  rela- 
tions can  be  used  as  a test  of  the 
acceptability  of  the  linearized  equations 
of  motion,  or  of  the  accuracy  of  the 
experiments.  The  same  test  applied  to 
the  results  of  the  transient-motion  ex- 
periments would,  of  course,  be  of  no 
significance. 


RELATION  WITH  THE  CLASSICAL  EQUATIONS 

The  classical  linearized  equations  of 
motion  for  ship  maneuvering  are  usually 
written  in  the  form  shown  below: 


-(N.-m^V-NvT+(IrN^-(NA-rnxu^=NE  . 


(44) 

In  the  derivation  of  these  equations  it  is 
clear  that  the  various  "stability  deriva- 
tives" are  to  be  considered  as  constants 
determined  by  the  shape  of  the  maneuver- 
ing body.  They  may  depend  upon  Froude 
number  but  not  upon  the  nature  of  the 
motion  otherwise,  although  it  is  assumed 
small . 

These  equations  can,  of  course,  also  be 
used  in  analyzing  the  transient  motions 
of  Cases  A and  B above  or  the  periodic 
motions  (40) . In  either  case  they  will 
provide  formulas  determining  the  stability 
derivatives  in  terms  of  the  imposed  motions 
and  the  measured  forces  in  the  rods  of  the 
PMK.  In  fact,  the  following  identifica- 
tions will  hold: 


A 


(45) 

If  the  statement  above  concerning  the  con- 
stancy of  the  stability  derivatives  is 
correct,  then  measurements  with  a PMM 
should  show  no  dependence  upon  ^ . In- 

deed, Gertler  in  his  discussion  of  Newman 
(1966,  p.231)  states  that  such  dependence 
has  been  observed  only  exceptionally  among 
"well  over  a hundred  models  of  submarines". 
On  the  other  hand,  Paulling  and  Wood  (1962) 
and  vanLeeuwen  (1964)  had  already  observed 
such  a dependence  in  the  case  of  surface 
ships.  This  dependence  has  been  found  by 
others  since  then  and  is  reconfirmed  by 
the  experiments  reported  here. 

As  is  emphasized  by  Newman  (1966,  p.223), 
the  presence  of  "memory  effects"  in  the 
equations  of  motion,  i.e.  of  the  convolu- 
tion integrals,  is  equivalent  to  a real 
dependence  upon  w of  at  least  some  of 
the  quantities  in  (45) . Since  this  de- 
pendence has  been  observed  in  surface  ships, 
one  is  forced  to  conclude  that  equations 
(44)  are  not  adequate  to  describe  all 
situations.  On  the  other  hand,  it  is 
known  that  these  equations  give  reasonable 
predictions  for  many  practical  maneuvers, 
and  under  certain  circumstances  must  yield 
a good  approximation  to  (11) . Let  us  turn 
to  this  question. 


7.  QUASI-STEADY  MOTION 

Because  the  treatment  of  the  quasi-steady 
motion  approximation  of  the  coupled 
equations  (11)  leads  to  rather  complicated 
inequalities  that  tend  to  disguise  the 
fundamental  simplicity  of  the  definition 
of  "quasi-steady"  motion,  we  shall  treat 
the  question  here  in  the  degenerate  case  of 
one  degree  of  freedom  and  relegate  the 
general  case  to  Appendix  II.  Thus  we  shall 
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suppose  h — A = 0 and  consider  only  the 
first  equation  of  (11)  . The  question  that 
we  shall  ask  ourselves  is  the  following. 
Under  what  conditions  can  we  approximate 
a solution  of 

ao 

I (T)*t  = Y{t) 

1 ' J0  77  (46) 

by  a solution  of 


(47) 

We  shall  suppose  that  the  initial  con- 
dition is  the  same  for  both  equations. 

Let  Vj  be  a solution  of  (46)  and  Vt 

a solution  of  (47)  , with  T^(o)='U^(o)  • If 

we  subtract  (47)  from  (46) , we  find 


f*+ /Oft-*)  * ksf  i) + 

•o 

+ JfrM-  ^tt)]  Njtfdr  = o . 

0 

(48) 

The  definition  of  quasi-steady  motion  will 
be  connected  with  the  last  term. 


We  begin  by  fixing  a real  number  £>0  f 

to  be  thought  of  as  small,  but  the  choice 
is  arbitrary'.  Let 


0 * (49) 

We  now  define  a time  constant  by  the 

inequality 


rVlMh  <t*  ■ 

>s  "n  \ 


(50) 


Evidently,  the  smaller  one  chooses  & , 
the  larger  will  be. 

We  now  define  the  motion  Vj(t)  as 
quasi-steady  if  1 


" O 

(51) 


for  all  X such  that  |Tl  £ tc 

The  smaller  6 is,  the  smaller  the 
variation  in  Vj  must  be,  and  that  over 
a longer  interval. 

Let  us  now  estimate  the  last  integral  in 
(48)  : 


«* 

|[ir(t-r)-v;Ct)]N^T)d 


K(t-rH(t)|-|N ! erld*  + zV f|N l(x)\i 

*/  00 


L L < 


< { tVfls-N  + zV±£U  *N  ) < 


< t V ( /a  + M ) 

1 » ft1 

In  (48)  we  shall  write  ■UJ-  ir  a V" 
denote  the  last  term  by  — )|(t) 
we  have  the  equation 

(>»- ft, ''--’iM  , 


and 
. Then 


(52) 


where 


I# I < £VVV  ■ 


The  solution  of  (47)  with  v(o)  =0  is 

t 


V = 


i 


tr< 


M-t 


’jMe“*rtdT  , 


o'  = < 0 . 


From  this  follows 


i <rt 


-V  jdtfw  -‘J* 


<v^“vW-*,t] < eV  • 

(53) 

Evidently  by  choosing  £ small 
enough  we  can  make  the  difference  between 
V*.  and  V;  as  small  as  we  please. 

However,  if  we  insist  upon  choosing  £, 
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very  small,  then  tc  will  be  large  and 
the  motion,  in  order  to  qualify  as  quasi- 
steady will  be  restrained  to  vary  only 
little  over  long  intervals. 

One  should  note  that  any  steady  motion  is 
automatically  quasi-steady.  Hence  in  the 
turning-circle  maneuver,  both  the  straight 
path  before  the  rudder  is  put  over  and  the 
steady  turning  circle  will  qualify  as 
quasi-steady.  The  part  in  between  may  or 
may  not,  depending  upon  how  fast  Vt 
changes  in  this  interval  and  upon  the 
standard  (6)  one  has  set.  A similar 
remark  applies  to  the  spiral  maneuver. 
However,  here  one  might  anticipate  that 
most  of  the  trajectory  would  qualify  as 
quasi-steady  since  the  rudaer  is  changed 
by  relatively  small  amounts  after  the 
initial  large  deflection.  A zig-zag 
maneuver  might  very  v»ll  not  qualify  as 
quasi-steady. 

Another  important  conclusion  can  be  drawn 
from  (53) . No  matter  how  generously  £. 
is  chosen,  the  difference  between  solutions 
of  (46)  and  (47)  is  uniformly  bounded. 

Thus  one  cannot  expect  important  quali- 
tative differences  between  the  two  solu- 
tions. 

Finally  we  call  attention  to  the  fact  that 
quasi-steadiness,  called  "slow"  motion,  is 
also  discussed  in  the  cited  papersby  Bishop , 
Burcher  and  Price,  However,  inasmuch  as 
their  definition  does  not  allow  quanti- 
fication, it  is  at  best  inadequate  and 
possibly  misleading. 

8.  A DIFFICULTY  IN  TRANSIENT  EXPERIMENTS 


one  assumes  that  the  transforms  of  the 
measured  forces  will  supply  additional 
matching  ones.  However,  even  if  this  is 
so,  one  is  still  in  the  position  of 
dividing  two  very  small  quantities  at  and 
in  the  neighborhood  of  these  zeros  and 
consequently  is  very  vulnerable  to  small 
errors  in  measurement,  which  may  become 
very  large  relative  to  the  quantities 
measured. 

One  way  to  try  to  avoid  such  measurements 
is  to  complete  the  transient  maneuver  be- 
fore the  first  zero  at  2<J0  = AvA,  is 
reached.  Thus,  if  one  wants  to  'measure 
the  coefficients  in  the  interval 
one  should  choose  jfc0  so  that 

or  . For  example,  in  the 

experiments  to  be  reported  below  where  we 
wished  to  have  An  r*Vstt  , this  re- 

quired completing  the  maneuver  in  less  than 
1 sec. 

There  is  a better  way  to  avoid  this  dif- 
ficulty, although  it  has  the  disadvantage 
of  requiring  more  experiments.  Let  the 
same  maneuver  discussed  above  be  repeated 
With  at  least  two  different  values  of  <J0  i 
say  u{  < < u> s . We  denote  these  by 

and  the  corresponding 

force  measurements  by  V . Y t=1.2.3  . 

‘S*. » * ’ 

We  then  add  all  the  corresponding  functions 
together,  either  before  or  after  taking  the 
Fourier  transforms,  and  enter  the  formulas 
(31)  , (32)  , (35)  and  (36)  with 

D.(u>  - % * V * !»•  ’ 


In  carrying  out  a transient-motion  experiment 
to  determine  the  coefficient  clusters  by 
means  of  formulas  (31),  (32),  (35)  and 
(36),  there  is  a potential  difficulty  to 
which  one  must  give  attention.  In  order 
to  see  this  difficulty  let  us  take 
^»(t)=  1-  <**»,"»*  i 0<  t^*„=2ir/o,  as  a typical 
transient  maneuver.  A straightforward 
calculation  yields 


^ 

«(«*- 


737) ( + 71  om)  ■ 


(54) 


U.  has  zeros  at  , 

+u0,  • • - f and  $85  has  zeros  at  O = , 

2<y„,  3“’. » ' ' * • The  first  zero  of 

A 2 A % n 

is  evidently  at  ; there- 

after they  occur  at  nw0  , f\>2  . They  are 


all  double  zeros,  as  are  also  the  zeros 
of  for  no.  , . Figure  4 

showff  a graph  of  U . $BS  and  |^,B| 


A X A jj 

Since  the  combination  tyiss  occurs 

in  the  denominators  of  all  right-hand 
sides  of  (31),  (32),  (35)  and  (36),  there 
will  be  a singularity  unless  the  zeros  are 
cancelled  out  by  matching  ones  in  the 
numerator.  The  terms  in  in  the 

numerator  provide  only  simple  zeros,  but 


+ 


A 


(55) 


We  are  particularly  concerned  with  the  be- 


havior of 


It  is  evident  from  an 


inspection  of  Figure  4 that  0 for 


> CJ, 


so  that 
to  have  any  zeros . 

and  iVl  f°r  wt=0.8,«t=l.°,oj«13. 


i is  not  likely 

' “ r a I 

Figure  5 shows  |u 


81  > 


In  any  particular  experiment  will  not 

have  exactly  the  form  chosen  above,  nor 
need  it.  However,  varying  the  time  scale 
of  the  transient  maneuver  in  several  runs 
and  following  the  above  procedure  appears 
to  be  effective  in  increasing  the  accuracy 
of  the  results.  Figure  6 shows 
YL  as  determined  by  each  of  several 

maneuvers  and  by  their  sum.  A more  ela- 
borate (and  statistically  correct)  way  of 
treating  multiple  experiments  is  discussed 
in  Appendix  I. 


9.  EXPERIMENTAL  TECHNIQUES 

The  ship  model  was  attached  to  the  same 


i) 
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planar-motion  mechanism  used  by  Paulling 
and  Wood  (1962)  , the  only  alteration  being 
the  disconnection  of  the  electric  motor  so 
that  manual  power  could  be  used.  The  model 
was  attached  at  two  points  by  means  of 
strain-gauge  dynamometers,  used  to  measure 
the  lateral  forces.  A linear  potentio- 
meter connected  to  the  forward  scotch  yoke 
measured  the  lateral  displacement. 

Since  the  vibration  of  the  towing  carriage 
produced  an  unacceptable  noise  level,  it 
was  necessary  to  pass  all  three  signals 
through  matched,  5Hz,  low-pass  filters. 
Although  this  resulted  in  a greatly  im- 
proved signal-to-noise  ratio,  the  noise 
problem  was  never  totally  eliminated.  All 
signals  were  recorded  on  a 4 channel  FM 
tape  recorder  and  later  digitized  at  the 
rate  of  250  samples/ second. 

Operating  the  planar-motion  mechanism 
manually,  the  experimenter  provided  the 
impetus  to  initiate  the  sway  or  yaw  motion 
and  the  mechanism  was  allowed  to  coast  to 
a smooth  stop.  The  resulting  impulses 
varied  considerably  between  experimental 
runs,  but  typically  had  a duration  of 
about  1 second  and  maximum  energy  at  1.25 
Hz.  It  was  found  that  such  short  pulses 
had  insufficient  energy  at  low  frequencies 
to  yield  good  results  in  the  lowest  fre- 
quency range.  Therefore,  a second  series 
of  experiments  was  run  with  a slower  pulse 
of  4 second  duration  and  maximum  energy 
at  0.25Hz.  This  was  the  slowest  pulse 
that  would  yield  forces  large  enough  to 
be  measured  with  our  equipment. 

The  two  models  used  in  our  experiments  were 
a light-weight  wooden  model  of  a high- 
speed ship  and  a fiberglass  model  of  a 
Mariner.  Their  dimensions  and  character- 
istics are  given  below. 


High-Speed  Ship  Model 

(Bare 

Hull) 

L 

1.52 

m 

B 

0.178 

m 

T 

0.0579 

m 

CB 

0.492 

xz 

0.7476 

kg*  m2 

M 

3.63 

kg 

Mariner  Ship  Model 

(with  Rudder 

and 

Propeller) 

L 

1.68 

m 

B 

0.242 

m 

T 

O.0857 

m 

CB 

0.6125 

XZ 

2.861 

kg*  m2 

M 

10.95 

kg 

10.  EXPERIMENTAL  RESULTS 

The  high-speed  hull  was  tested  frequency- 
by- frequency  at  Froude  numbers  0.20,  0.25 
and  0.30  and  by  transient-maneuver  tests 
at  0.20  and  0.30.  The  Mariner  model  was 
tested  in  both  ways  at  Froude  numbers 
0.130,  0.194,  0.233  and  0.285.  The  latter 


Froude  numbers  were  chosen  because  they 
had  been  used  earlier  in  the  experiments 
of  Paulling  and  Wood  (1962)  and  thus  gave 
us  some  values  to  compare  our  own  with. 

The  data  were  analyzed  by  the  method  des- 
cribed at  the  end  of  Section  8.  Results 
will  be  shown  only  for  O.'iO  for  the 
high-speed  hull  and  for  = 0.285  for  the 

Mariner  except  for  two  graph^  showing 
Froude  number  effects  upon  Y^.  and  N£.  for 

the  Mariner.  At  a later  time  all  data 
will  be  reanalyzed  by  the  method  of 
Appendix  I and  presented  together. 

In  order  that  the  results  will  have  a 
familiar  form  and  to  facilitate  comparison 
with  other  data,  the  curves  are  labeled 
as  stability  derivatives  made  dimensionless 
with  l/ip,  L and  U#,i.e.  the  "prime"  system 
of  Mandel's  article  (1967,  p.469)  is  used. 
The  connection  with  the  variables  used 
otherwise  in  this  paper  is  given  in  dimen- 
sional form  in  (45)  . (That  we  should  have 
preferred  different  variables  in  the  body 
of  the  paper  is  made  clear,  we  believe, 
by  the  form  of  equations  (11)  with  which 
we  started.)  The  frequency  u is  presented 
dimensionlessly  through  the  variable 
-C=WU "/a.  . Results  are  displayed  only  in 
the  raifge  0<TT^  i . 

Figures  7-14  show  the  stability  deriva- 
tives for  the  high-speed  hull.  The 
individual  spots  are  the  values  obtained 
by  testing  at  individual  frequencies  by 
the  conventional  method.  The  continuous 
curves  are  obtained  from  transient-maneuver 
tests.  In  the  latter  the  short-duration 
tests  (about  1 sec)  and  long-duration 
tests  (about  4 sec)  are  grouped  separately. 
The  latter  group  is  useful  only  in  a low- 
frequency  region  (roughly , X<  0 30  for 
Fn=0.^0  ) . 

Figures  15-22  show  the  stability  deriva- 
tives for  the  Mariner  hull.  Individual 
spots  show  our  own  results  in  frequency-by- 
frequency tests.  The  results  obtained  by 
Paulling  and  Wood  (1962)  are  shown  as 
faired  curves  and  hence  suppress  any  in- 
formation concerning  scatter  in  the  data. 
Reference  to  their  report  shows  a scatter 
of  about  the  same  magnitude  as  ours.  The 
transient-maneuver  tests  are  again  divided 
into  those  of  short  ^nd  long  duration. 

The  little  jogs  in  and  in  the  long- 
duration  tests  are  probably  of  no  signi- 
ficance and  represent  a junction  of  two 
sets  of  data  in  the  addition  process 
described  in  Section  8.  The  discrepancy 
between  our  frequency-by-frequency  measure- 
ments and  those  of  Paulling  and  Wood  often 
seem  substantial.  We  have  no  explanation 
of  this,  but  note  that  our  transient-motion 
tests  are  generally  in  fair  conformity  with 
individual- frequency  tests.  Figures  23 
and  24  show  the  effect  of  Froude  number 

upon  Y'  and  S'  . 
v v 

We  have  no  additional  comments  upon  the 
experimental  results,  but  believe  that  they, 
show  the  usefulness  of  transient-maneuver 
testing  and  anticipate  that  reanalysis  of 
the  data  by  the  methods  of  Appendix  I will 
improve  further  the  method. 
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APPENDIX  I 

The  two  complex  equations  (28)  decompose 
into  four  real  equations.  These  in  turn 
separate  into  two  pairs  of  equations  that 
do  not  interact  with  each  other,  each  pair 
containing  four  unknowns.  Let  us  consider 
just  one  of  these  pairs,  for  the  same  re- 
marks will  apply  to  the  other  pair.  It  is 
evident  that  each  transient-motion  experi- 
ment will  provide  two  linear  equations  in 
four  unknowns,  which  we  shall  write  as 
follows : 


jafyf-Bi,  *-i,2  • 


(1.1) 


The  motion  imposed  in  Case  A is  designed 
to  make  four  of  the  coefficients  A;:  van- 
ish, so  that  one  has  two  equations  rn  two 
unknowns  and  hence  can  solve  for  two  of 
the  unknowns.  The  results  of  a second 
experiment,  Case  B,  then  allows  one  to 
solve  for  the  remaining  pair.  We  need  not, 
however,  have  made  the  special  choice  of 
Case  A.  Any  pair  of  experiments  that 
yields  a non"anishing  determinant  of  the 
coefficients  for  the  two  pairs  taken  to- 
gether allows  simultaneous  determination 
of  all  four  unknowns. 


Suppose  now  that  one  makes  it  experi- 
ments, each  one  producing  a pair  of 
equations : 


direction  of  estimating  a best  value  for 
the  variables  ( j > X,  , X-*')  . It  is,  in 

fact,  little  more  than  a device  for  giving 
small  weight  to  a pair  of  equations  in  the 
neighborhood  of  a value  of  w where 
sa  0 • The  same  end  could  be 

achieved  by  weighting  the  distances  in  the 
least-squares  method  by  the  value  I | 

To  give  formulas  for  the  modified  least- 
squares  method,  one  needs  to  know  the  dis- 
tance from  a point  ( , x“® } to 

the  intersection  of  a pair  of  hyperplanes 
in  4-space.  If  the  hyperplanes  are  given 
by  the  equations 


Z 0.  - :X  : = \r  . 1=  1,2  , ^ a : = 1 , b-  > 0 . 
yi  A>  J ’ i*i  ^ A ’ 

1 7 (1.3) 

ana  if  the  distance  in  question  is  D,  then 


- z[k%  - ft  % ft  + 

i u.4) 

where  repeated  indices  are  to  be  summed. 
For  convenience  we  shall  write  this  in  the 
form 


1,1,  4*1, Z,-,K  . 

(1.2) 


What  is  the  best  way  to  use  all  this  in- 
formation to  estimate  the  unknowns  X,  , 

X»>  7 Ttle  standard  procedure  is  to 

use  the  method  of  least  squares.  In  the 
usual  formulation  this  would  require 
minimizing  the  sum  of  the  squares  of  the 
distances  from  a point  (*■»  » X * , X , , X-jf1  ) 

to  each  of  the  linear  2-spaces  determined 
by  the  intersection  of  two  hyperplanes 
in  4-space.  It  is  not  difficult  to  work 
out  the  appropriate  formulas,  but  they  do 
not  take  account  of  an  important  aspect 
of  the  equations. 


D‘- 


(1.5) 


In  order  to  apply  this  in  the  least- squares 
method,  we  first  introduce  the  normalized 
coefficients 


Then  we  wish  to  minimize 


In  Section  8 we  have  discussed  the 
difficulty  of  dealing  with  equations  in 
the  neighborhood  of  values  of  u where 
JS  j *5  0,  A simple  stratagem  proposed 

tnere  was  to  add  together  equations  corres- 
ponding to  different  experiments  with  the 
bothersome  zeros  occurring  at  different 
values  of  (0  . Although  this  device 

is  effective,  it  is  not  statistically 
motivated,  for  the  process  of  adding  e- 
quations  does  not  seem  to  be  a step  in  the 


A = i w'1’ 


> 


(1.7) 


where  as  a weighting  function  W we 

propose  the  sum  of  the  squares  of  the  ab- 
solute values  of  the  coefficients  in  (28)  : 


\ 


4 
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4 {W(I-8) 

This  is,  in  fact,  nothing  but  ^ A^1  , 

which  is  independent  of  i in  the  present 
case.  An  easy  calculation  yields  the 
following  set  of  four  lin-*'  equations: 

i(iwVh*?  = 

j:1  A V * 

~1  *r  \ i(4)r-Clr} 

= jZ_W  VL  , i-L, 2,3,4  . 

* A.  (1.9) 

A further  calculation  exploiting  the  par- 
ticular choice  of  w allows  one  to 
omit  the  step  (1.6)  and  replace  (1.9)  by 


= jK*'-  -w.4, 


(I. 10) 


'where 


% = A..A.J+  A2iA,.  - 

■(\A+Wj\AJZK  . 


H-  [b.Vba,- 


(i.ii) 


APPENDIX  II 

In  Section  7 we  considered  the  question  of 
when  the  classical  equations  of  motions 
provide  a good  approximation  to  the 
equations  used  here  and  introduced  a de- 
finition of  "quasi-steady”  motion,  but 
only  in  the  degenerate  case  when  one  vari- 
able was  present.  We  wish  now  to  treat 
the  general  case  of  equations  (11).  Since 
the  analysis  is  rather  unwieldy,  we  shall 
omit  most  of  the  details. 

Define 

Nai.=  [ Njrjax  , (n.i) 

o 

where  nt-  is  any  combination  of  u.  and 
H1.  The  question  we  ask  ourselves  is  *"When 
can  a solution  of  equations  (11)  be  approx- 
imated by  a solution  of  the  following  pair: 


(m*//>A + (/y  * 

(n.  i) 

\ 

« ne  . 

Let  Vj  ^ be  a solution  of  (11)  and 

Vi  a solution  of  (II. 2),  each  sat- 

isfying the  same  initial  conditions.  Then 
if  we  let  VxVj-V,,  , A.*  A-,- A,.  , it 

follows  that  vto)  ■=  A/ Co)  and  that  V and 
h>  satisfy  the  equations 

+(v'ni‘‘V  = fW. 

(II. 3) 

where  ’L  and  J>  are  defined  as  follows: 

*[(*) s '[[^(i-T) - \r{(i)]  N (x)dr  - 

*o  «l 

90 

^ W=  “|Jv4(t- - vji)]  N^(r)dr  - 

It  will  be  convenient  to  write  (II. 3)  in 
the  form 

A.V-  + BXV  + C i + D-a,=  v , i* 1,2. . 

A * K ' (II. 5) 

Let  0|[  and  Oj  be  the  roots  (supposed  dis- 
tinct) of  the  equation 

°*  (A.C.-A.C,  )<r‘  + 

*(bt-  A.D.-  A.D.V+fb.D.-BA 

Let  ®1  and  be  defined  by 

e = \*L  - = A2qj  ♦ 

C^+Dj  Cxq-  + Dx 
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(II. 6) 


r.i7 


The  solution  of  (II. 5)  is 

v = (v  eli‘(ACrA1CtV 
+ -(A-  Qei}|.]e”^T}  - 

(II. 7) 


^^(erezY(AiCz'^2Ci)‘ 

Let  us  define  the  following  (dimensional) 
constants : 

•[|ArQe,||<r,r+  |A1-Cie,l|o;p]  , 

S s ly  e.liA.crAAl- 

■[[ei|A-Cie>||(rl|,+  |eJ.|Al-(;e,||(rJ1]'. 

(II. 8) 

Let  V=4Mf (iTj j,  R=4u^[/lt(  and  select  some  small 

real  number  £.>0.  We  then  define  the  time 
by  the  following  set  of  eight  inequal- 
ities : 

{^|dt.^(VE„RF.), 

A solution  of  (11)  is  now  said  to  be 
"quasi-steady"  if  the  following  sets  of 
inequalities  are  satisfied  for  all  TT  such 
that  |T|<  tc  : 


Mf\HK>RF-) 

^[(k,KK.RF.) 

p 


1 


7 


(ii  JO) 


o 


L 

■o 

One  may  now  show  that  any  quasi- steady 
motion  may  be  approximated  by  a 

solution  \Jj  A.t  of  equations  (II.  2)  such 
that 


Kk]‘(VEx,R[3- 


kl 


12 

i6 


lvrv-2l<eV,  K-aJ<cR  • (II.1: 

The  proof  is  straightforward  and  we  omit 
it.  The  remarks  made  at  the  end  of  Sec- 
tion 7 apply  equally  well  to  this  more 
general  situation. 
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1.20 


Figs  7-14:  Stability  derivatives  for  a high-speed 
hull  (CB  = 0.49)  as  determined  by  tran- 
sient-response tests  and  individual- 
frequency  tests. 
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1.22 


Fig.  21  Fig.  22 


Figs  15-22:  Stability  derivatives  for  Mariner  hull 
(CB  = 0.59)  as  determined  by  transient- 
response  tests  and  individual-fre- 
quency tests. 


Figs  23-24:  Graphs  showing  effect  of  Froude 
number  upon  Y„  and  Nv  for  a Mariner 
hull. 
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SYNOPSIS 

In  this  paper,  advanced  experimental  techniques  for  using  the  transient  water  waves  are  presented.  As 
the  main  topic  of  this  paper,  ship  motions  in  transient  water  waves  are  discussed  in  detail  both  in  fre- 
quency domain  and  in  time  domain.  Other  applications  of  transient  response  method  are  outlined  for  re- 
ference. The  experimental  values  are  compared  with  the  test  results  in  regular  waves  and  the  theoreti- 
cal calculations,  by  which  the  proposed  experimental  techniques  shall  be  proved  to  be  practically 
useful  methods."  As  a conclusion,  the  proposed  methods  are  usefull  and  effective  in  the  reduction  of 
total  testing  time  and  the  high  accuracy  of  experiment  including  the  analysis  work.  The  commercial 
routine  work  will  be  considerably  shortened  by  the  application  of  transient  response  methods. 


1.  INTRODUCTION 

The  ship  motion  test  in  regular  waves  has  been 
employed  in  usual  to  determine  the  frequency 
transfer  function.  However,  it  takes  conside- 
rably long  time  to  conduct  a series  test  cover- 
ing the  range  of  frequency  required.  Because 
only  one  characteristic  point  can  be  obtained 
from  one  test  run  with  respect  to  a incident 
wave  at  a speed  and  a heading. 

Davis  and  Zarnick  (l)  presented  an  epoch-making 
experimental  technique  using  Transient  Water 
Wave  (T.W.W. ) in  the  fifth  O.N.R.  Symposium  on 
Naval  Hydrodynamics  which  was  based  on  both  the 
transient  response  theory  and  the  equations  of 
motion  in  time  domain.  According  to  this  meth- 
od, one  continuous  characteristic  curve  can  be 
obtained  from  one  test  run.  Cummins  (2)  repo- 
rted originally  that  the  actual  equations  in 
time  domain  could  be  transformed  into  the 
generally  accepted  equations  in  frequency  do- 
main. The  advanced  works  were  reported  by 
Ogilvie  (3),  Breslin  et  al  (4)  and  Yamanouchi 
(5).  These  papers  assured  the  validity  of  the 
ship  motion  test  in  transient  water  wave. 

Then,  following  these  enlightening  works,  the 
authors  investigated  in  detail  the  characteris- 
tics of  transient  water  wave  and  developed  the 
complete  generating  method  of  transient  water 
wave  with  the  arbitrary  controll  of  the  ampli- 
tudes and  phases  of  elementary  waves,  and  esta- 
blished the  ship  motion  testing  method  in  these 
waves  including  the  practical  data  analysis  pro- 
cedure (6,7,8,9,10,11).  Moreover,  the  idea  of 
transient  response  method  was  applied  to  the 
wave  exciting  forces  test  with  restrained  ship 
model  by  the  authors  (12),  and  the  forced  osci- 
llation tests  which  was  proposed  by  Smith  and 
Cummins  (13)  was  carried  out  by  the  authors  al- 
so. In  particular,  the  practical  technique  of 
the  forced  transient  oscillation  test  was  inve- 
stigated in  detail  so  as  to  be  adopted  in  rou- 
tine work  at  ship  model  basin  (12,  14,  15,  16, 


17,  18,  19,  20).  In  another  application,  we  su- 
cceeded to  measure  extremely  high  wave  impact 
pressure  at  bow  bottom  and  stem  in  transient  wa- 
ter wave.  Such  a high  pressure  has  not  been  me- 
asured in  regular  water  waves(21). 

As  the  main  topic  of  this  paper,  the  authors  wo- 
uld like  to  show  the  test  results  of  ship  motio- 
ns in  transient  water  waves,  which  was  carried 
out  systematically  by  our  ordinary  testing  meth- 
od for  the  presentation  of  this  symposium  in 
last  December.  Other  test  results  (wave  excit- 
ing forces  test  in  T.W.W. , forced  transient  os- 
cillation tests,  etc.)  are  mentioned  briefly. 

In  part  I of  this  paper,  the  practical  method 
for  testing  ship  model  in  T.W.W,  is  stated,  and 
in  Part  II,  the  practical  method  on  generation 
of  T.W.W.  in  ship  model  basin  and  its  characte- 
ristics are  discussed  in  detail  showing  many  ex- 
amples. Examples  of  transient  water  wave  men- 
tioned part  II  are  the  same  in  part  1,  please 
refer  to  both  parts  alternately. 


1.1  Notation 


x(t) 

Xj(t) 

x0(t) 

X(iue) 

Ax(ue) 

GOl(iue) 


Aoi(we) 

*01 (“e) 


c0l(“e) 

s0l(“e) 

Wqi(t) 


Arbitrary  transient  time  history 
Transient  time  history  of  input  pheno- 
menon 

Transient  time  history  of  output  pheno- 
menon 

Fourier  transform  of  x(t),  Fourier  spe- 
ctrum 

Amplitude  of  Fourier  spectrum  X(ime) 
Phase  of  Fourier  spectrum  X(ioie ) 
Frequency  transfer  function  between  in- 
put and  output 

Amplitude  of  frequency  transfer  func- 
tion G0i(i“e)'  Amplitude  ratio 
Phase  of  frequency  transfer  function 
Goi(i«e)>  Pha-se  difference 
Cosine  component  of  Ggi(ime) 

Sine  component  of  Goi(iwe) 

Weighting  function  calculated  by  inver- 
se Fourier  transformation  of  Gqi  (ii%  ) 
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♦ ’Ol^e)  Tneoretical  phase  difference  against 

wave  crest  at  the  center  of  gravity  of 
the  ship  (C.G.) 

T Duration  of  time  history 

<*>  Circular  frequency  of  wave 

“e  Circular  frequency  of  encounter  wave 

and  ship  motions 

Lower  limitting  circular  frequency  of 
GOl(iue) 

Upper  limitting  circular  frequency  of 
G0l(iue) 

Critical  frequency  of  side  walls  effe- 
ct 

Critical  frequency  corresponding  to 
ship  speed 

Distance  between  C.G.  of  model  and  the 
forward  position  where  encounter  wave 
probe  is  installed 

Angle  defined  in  Lewis  Form  express- 
ion of  a section 
Froude  number 
Ship  speed 

Gravitational  acceleration 
Non-dimensional  wave  frequency  (A  wave 
length) 

Fwo  Amplitude  of  wave  exciting  force  for 

heave 

A Vertual  mass  moment  of  inertia  for  pi- 

tch 

Subscripts 
I Input 

0 Output 

h Encounter  wave 

z Heave 

9 Pitch 

a Vertical  acceleration 

P Hydrodynamic  pressure 
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Fn 

Vs 
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2.  EXPERIMENTAL  TECHNIQUES  AND  ANALYSIS  OF  TRA- 
NSIENT PHENOMENA 

Considering  from  the  practical  aspect  of  model 
ship  test,  it  is  enough  to  obtain  only  the  fre- 
quency transfer  function  of  ship  motion.  In 
this  mean,  the  frequency  transfer  function  ob- 
tained by  the  test  in  transient  water  wave  has 
such  favorite  feature  that  both  the  amplitude 
and  the  phase  are  continuous  in  nature.  In  this 
chapter,  the  authors  outline  the  test  techniques 
and  the  calculating  fomula  of  frequency  transfer 
function. 


requirement.  (See  Fig.  5 and  7) 

(f)  concentration  point  of  transient  water  wa- 
ve should  not  be  settled  between  the  en- 
counter wave  probe  and  the  model  ship,  be- 
cause the  dissipation  of  wave  energy  occ- 
urs in  concentration  of  waves.  (See  Fig. 

6) 

The  transient  water  wave  that  satisfies  defini- 
tely these  conditions  is  the  concentrating  wave 
with  moderate  and  almost  constant  wave  height 
(i.e.  The  shorter  waves  go  ahead  of  the  longer 
waves.  See  Fig.  2)  The  wave  of  this  type  which 
called  'Amp.  Constant  T.W.W.'  in  this  paper,  is 
very  suitable  for  the  ship  motion  test.  However 
it  should  be  noticed  that  wave  crest  breaks  ea- 
sily. (Some  examples  will  be  shown  in  Part  II.) 
Even  though  the  same  desirable  transient  water 
wave  is  generated,  the  shape  and  duration  of  the 
measured  transient  time  histories  become  diffe- 
rent according  to  the  position  where  model  ship 
comes  across  the  wave.  This  encounter  condition 
that  defines  recording  time  can  easily  be  cont- 
rolled by  the  time  lag  necessary  to  start  the 
towing  carriage  after  beginning  of  wave  genera- 
tion, but  it  is  not  so  important  if  the  above 
mentioned  demands  (d)  and  (f)  are  assured.  As 
shown  in  Fig.  6,  the  same  characteristics  can  be 
obtained  from  dissimilar  records.  This  is  the 
essence  and  most  interesting  point  of  transient 
wave  method.  However,  the  mechanical  parts  of 
the  detecting  devices  to  measure  ship  motions 
don't  respond  so  quickly  that  too  short  time 
history  (one  shot  impulse)  is  not  adequate.  In 
this  mean,  desirable  recording  time  should  be 
determined  from  the  response  characteristics  of 
the  measuring  instruments.  The  measured  data  of 
each  phenomenon  should  be  recorded  on  magnetic 
tape  as  analog  voltage.  By  using  analog  data 
recorder,  data  processing  work  can  be  executed 
easily  and  effectively.  Ordinary  total  measur- 
ing system  adopted  in  Yokohama  National  Univer- 
sity is  shown  in  Fig.  1. 


2.2  Analysis  of  transient  time  history 

The  basic  tool  which  is  used  in  numerical  analy- 
sis of  transient  time  histories  is  a well  known 
Fourier  transformation.  When  a transient  time 
history  x(t)  is  measured,  it  cam  be  transformed 
into  frequency  domain  as  follows. 


2,1  Experimental  techniques 

Transient  water  wave  suitable  for  use  in  ship 
model  test  should  be  satisfied  the  following 
four  conditions. 

a)  required  wave  frequency  range  is  covered. 

b)  water  surface  is  flat  initially  and  is 
restored  in  appropriately  short  time  after 
the  disturbance. 

(c)  partial  wave  breaking  does  not  occur  dur- 
ing the  transition  of  wave. 

(d)  the  reflected  wave  from  the  end  wall  of 
tank  does  not  affect  the  behavior  of  ship 
before  a test  run  ends. 

As  additive  needs  for  ship  motion  test,  the  fo- 
llowings are  also  to  be  satisfied; 

(e)  amplitudes  of  elementary  waves  (in  parti- 
cular shorter  waves)  are  to  be  appropri- 
ately high  in  linearity,  because  the  ac- 
curacy of  measured  frequency  transfer 
function  is  greatly  dependent  on  this 
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x(iu)e  )=/q  x(t)e_1“etdt 

T T 

=/q  x(t)cosioetdt-i/Q  x(t)sinwetdt 

=Ax(me)ei','x(“e)  (1) 

where  T : Duration  of  transient  time  history 
Ax:  Amplitude  of  Fourier  Spectrum 
\|>x:  Phase  of  Fourier  Spectrum 
u>e : Circular  frequency  of  encounter 

In  ordinary  experiment,  encounter  wave  is  usua- 
lly measured  at  the  moving  carriage,  so  that  Fo- 
urier transforms  of  both  ship  motions  and  wave 
are  expressed  to  a base  of  encounter  frequency 
“e.  If  linearity  of  a system  is  assumed,  a tra- 
nsfer function  of  the  system  can  be  defined  by 
the  ratio  of  input  and  output. 

’ 


T 
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Goi(in>e)=xC>(  iw©)/Xl(iWe) 

=[A0(Ue)/AI(Ue)leit*0(“eMl(“e)> 

=Abi(«oe)ei4>0l(“e) 

=Coi(ue)+iSoi(ue)  ^ 


where  Aqj  ( o)e ) : 
$Ol(“e): 
Cqi ( ue ) : 


Amplitude  of  frequency  transfer 
function.  Amplitude  ratio 
Phase  of  frequency  transfer 
function.  Phase  difference 
Cosine  component 


Soi(o>e);  Sine  component 


In  practical  procedure  of  the  numerical  analy- 
sis, the  optimum  value  of  sampling  frequency 
(sampling  time  interval)  should  be  chosen  tak- 
ing account  of  the  computer  capacity  and  the  ra- 
nge of  frequency  expected  to  be  included  in  a 
transient  time  history.  The  standard  sampling 
frequency  is  taken  as  20Hz  in  Yokohama  National 
University.  The  accuracy  of  the  analysis  is  ch- 
ecked by  the  following  inverse  calculation.  By 
using  the  frequency  transfer  function  obtained 
by  experiment,  weighting  function  is  calculated, 

wOl(T)=J^/_»  G0I(iOe1UeTdwe 

Aoi(Me)cos{ueT+<|>oi(we)  }dwe 
Hwlfc  A0I^we^cosf<‘,e'r+^0l(“e^!j“e  (3) 

where  Upper  limitting  circular  frequency 

of  Goi(ue) 

Lower  limitting  circular  frequency 
of  Goi ( me ) 

and  then,  the  response  of  the  system  xo(t)  is 
calculated  by  convolution  integral. 

xo(t)  = /g  W0I(t-T)xj(T)dT  (1*) 

If  the  calculated  response  time  history  shows  a 
good  agreement  with  the  measured  one,  we  conc- 
lude that  the  assumption  of  linearity  and  the 
accuracy  of  analysis  are  held  acceptably.  In 
this  paper,  as  the  accuracy  of  data  processing 
work  was  once  checked,  eq.(4)  is  used  as  a tool 
of  theoretical  prediction  of  time  histories. 

In  Yokohama  National  University,  the  above  men- 
tioned calculations,  graphic  display  and  the  ha- 
rd copy  can  be  completed  in  almost  real  time  by 
the  fast  digital  computer  applied  Fast  Fourier 
Transformation  (F.F.T.).  Even  without  such  a 
high  quality  device,  the  total  execution  time 
including  experiment  is  shortened  considerably ty 
the  transient  response  method. 


itself  were  measured  by  the  separate  test. 

But  the  same  input  voltage  signal  for  wave  maker 
was  used  to  keep  the  consistency  of  both  experi- 
ments. The  experimental  values  obtained  by  the 
transient  response  method  are  compared  with  the 
results  in  regular  waves  and  the  calculations  by 
Ordinary  Strip  Method  (abbreviated  here  to  O.S. 
M.)  (22,23)  in  detail,  by  which  the  proposed  ex- 
perimental technique  shall  be  proved  to  be  a pr- 
actically useful  method. 


3.1  Experiment  programm 

The  experiments  were  performed  using  the  2m  long 
model  of  ore  carrier  "KASAGISAN-MARU"  in  the  Ex- 
perimental Tank  of  Yokohama  National  University 
(50m  x 3.6m  x 2.3m).  The  principal  particulars 
and  dynamic  properties  of  model  ship  are  given 
in  Table  1.  This  ship  form  was  chosen  in  our  ex- 
periment because  series  tests  of  this  ship  had 
been  conducted  by  SR-131  Committee  of  Japan  Shi- 
pbuilding Research  Association,  and  amount  of 
data  had  already  been  obtained. 


Table  1.  Principal  Particulars  of  Tested  Model 


Ship  Name 

KASAGISAN-MARU 

Length  betw.  P.P., 

Lpp 

(m) 

2.000 

Breadth , 

B 

(m) 

0.329 

Depth , 

D 

(m) 

0.186 

Draft, 

d 

(m) 

0.130 

Displacement,  Volume, 

V 

(m3) 

0.070k 

Block  Coefficient, 

Cb 

0.8243 

Midship  Coefficient 

0.9975 

C.G.  from  Midship 

(m)  fore 

0.059 

C.G.  from  Keel 

(m) 

0.099 

Longitudinal  Gyradius 

0.2363Lpp 

Natural  Heave  Period 

(sec) 

0.983 

Natural  Pitch  Period 

(sec) 

0.880 

Scale 

1/123.5 

Heave,  pitch,  vertical  acceleration  at  S.S.  8 1/2 
section,  pressure  at  bilge  (9l.F.=  50°  by  Lewis 
Form  expression)  of  S.S.  8 1/2  section  and  en- 
counter wave  at  1.3m  forward  from  C.G.  were  re- 
corded on  a magnetic  tape  by  an  analogue  data 
recorder,  and  these  records  were  simultaneously 
monitored  by  the  direct  recording  electromagne- 
tic oscillograph  to  check  success  or  failure  of 
the  experiment. 

The  following  two  types  of  transient  water  wave 
were  generated. 

(a)  T.W.W.  with  constant  wave  height  in  Four- 
ier spectrum  (See  Fig.  5) 

(b)  T.W.W.  with  constant  wave  slope  in  Fourier 
spectrum  (See  Fig.  7) 

Ship  speed  was  corresponding  to  Froude  number 
Fn  a 0.15,  and  ship  was  mainly  tested  in  the  co- 
ncentrating transient  water  wave.  The  situation 
that  ship  passes  through  T.W.W.  is  schematically 
illustrated  in  Fig.  4 of  Part  II. 


3.  SHIP  MOTIONS  IN  TRANSIENT  WATER  WAVE 

In  this  chapter,  ship  motion  in  transient  water 
wave  are  shown  in  frequency  and  time  domain. 
Since  the  reproductivity  of  transient  water  wave 
at  ship  model  basin  is  sufficiently  complete, the 
ship  motions  with  encounter  wave  and  the  wave 


The  total  measuring  system  and  the  definition  of 
co-ordinate  are  shown  in  Fig.  1. 


3.2  Expression  of  ship  motions  in  frequency 
domain  (frequency  transfer  function)’ 

Examples  of  the  measured  time  histories  in  the 
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concentrating  transient  water  wave  with  constant 
wave  height  are  shown  in  Fig.  2.  Maximum  of  he- 
ave (peak-to-peak  value)  was  6.5cm  (about  0.5<l), 
and  of  pitch  7.9deg.  The  duration  of  time  his- 
tory needed  for  data  analysis  is  about  12  seco- 
nds. It  is  very  interesting  that  in  such  a sho- 
rt time  history  much  information  is  superposed 
and  condensed.  Each  time  history  starts  from 
zero  level  and  ends  in  zero  level  again.  It  is 
assured  that  experiment  carried  out  successfull- 
y.  In  this  case  total  energy  is  finite,  so  that 
Fourier  transformation  can  be  made  in  the  stri- 
ct sence.  Analyzing  the  time  histories  by  High 
Speed  Analyser  with  F.F.T.  Algorism,  one  set  of 
obtained  hard  copies  in  which  the  results  are 
displayed  graphically  is  shown  in  Fig.  J.  Sin- 
ce the  arrangement  of  graphic  display  and  nume- 
rical tables  can  be  easily  programmed  in  this 
analyser,  the  data  analysis  work  can  be  conduct- 
ed smoothly  and  effectively  by  using  the  prepar- 
ed program.  The  moderate  transient  water  wave, 
which  is  shown  in  Fig.  2,  has  been  adopted  as 
the  standard  T.W.W.  for  ship  motion  test,  but, 
by  amplifying  the  same  wave  generation  signal, 
an  example  of  the  high  transient  water  wave  was 
generated.'  In  this  case,  partial  breaking  of 
wave  creasts  observed.  The  time  histories  of 
ship  motions  in  this  high  transient  water  wave 
are  shown  in  Fig.  4.  Heaving  motion  of  12.8cm 
(about  l.Od)  and  pitching  of  14.Jdeg  were  mea- 
sured at  the  maximum  points.  Photos,  which  were 
taken  at  intervals  of  0.26  second  by  the  moter 
driven  camera,  show  how  severely  ship  was  osci- 
llating among  waves.  The  numbers  given  on  each 
photos  are  corresponding  to  the  pulse  record  sh- 
own in  Fig.  4.  In  order  to  make  clear  the  line- 
arity limit  of  the  ship-wave  system,  two  more 
experiments  carried  out  at  the  same  condition 
excepting  the  amplitude  of  wave.  The  results 
obtained  from  four  different  experiments  are  sh- 
own in  Fig.  5*  The  determined  frequency  trans- 
fer functions  of  pitch  coincide  with  one  another 
excepting  the  high  transient  water  wave  test. 

It  is  obvious  from  this  figure  that  linearity  of 
the  system  was  held  in  small,  moderate  and  a li- 
ttle high  transient  water  wave.  In  the  later 
paragraph,  mean  line  of  the  measured  linear  res- 
ponses will  be  compared  with  both  the  experimen- 
tal values  obtained  in  regular  water  wave  and 
the  calculations  by  O.S.M. 

As  mentioned  previously,  even  though  the  same 
transient  water  wave  is  generated,  different 
time  histories  are  measured  according  to  the  po- 
sition where  ship  encounters  the  transient  water 
wave.  Typical  example  of  this  case  is  shown  in 
Fig.  6.  The  towing  carriage,  in  the  concentrat- 
ing transient  water  wave  test  (T.W.W.-l),  start- 
ed about  15  seconds  after  the  wave  maker  had  be- 
gun to  generate  waves,  but  in  the  diverging  tra- 
nsient water  wave  test  (T.W.W.-2)  the  towing  ca- 
rriage started  about  30  seconds  later.  The  time 
histories  are  obviously  different,  but  the  almo- 
st same  frequency  transfer  functions  are  oh+uin- 
ed  in  this  experiment.  However,  when  compared 
two  Fourier  spectrum  of  wave,  the  decay  of  the 
amplitudes  is  noticed  markedly  at  high  frequen- 
cies. This  implies  that  the  energy  of  short  wa- 
ves dissipated  when  all  elementary  waves  concen- 
trated at  one  point. 

The  detailed  explanation  on  this  characteristic 
of  transient  wave  will  be  given  in  Part  II. 

The  authors  don't  recommend  the  test  in  diver- 
ging transient  water  wave  because  the  reflected 


waves  from  the  end  and  side  walls  of  tank  affect 
ship  motions. 

As  another  example  of  ship  motions,  the  test  re- 
sults in  the  different  type  of  transient  water 
wave  (i.e.  T.W.W.  with  constant  wave  slope)  are 
shown  in  Fig.  7.  It  is  clear  that  the  amplitude 
of  wave  spectrum  is  smaller  in  high  frequency 
range.  Elementary  waves  of  this  transient  wave 
are  controlled  to  have  the  same  slope,  so  that 
the  amplitude  of  wave  spectrum  becomes  gradually 
small  in  proportion  to  the  increase  of  the  wave 
frequency.  This  control  brings  about  slight  di- 
sadvantage to  the  determination  of  frequency  tr- 
ansfer function.  (See  the  frequency  transfer 
function  shown  in  Fig.  7.) 

Summarizing  the  above  discussion,  the  authors 
would  like  to  recommend  the  ship  motion  test  us- 
ing the  concentrating  transient  water  wave  with 
constant  wave  height. 

On  the  next  stage,  let's  compare  the  test  resul- 
ts in  T.W.W.  with  the  obtained  results  in  regul- 
ar waves.  Generally,  the  waves  generated  by  an 
oscillating  ship  moving  in  waves  at  a given  spe- 
ed may  be  reflected  from  the  walls  of  the  basin 
will  disturb  the  behavior  of  ship.  This  problem 
is  very  important  for  the  discussion  on  the  ex- 
perimental results.  Brard  (24)  and  Hanaoka  (25) 
examined  the  wave  sector  radiated  by  the  ship 
theoretically,  then,  Vossers  and  Swaan  (26)  off- 
ered a practical  chart  by  which  the  side  walls 
effect  could  be  taken  into  account.  According 
to  this  chart  at  the  experimental  tank  of  Yoko- 
hama National  University  the  side  walls  effect 
will  appear  in  the  frequency  range  uei[“e)s.w.= 
0.37*g/Vs.  In  this  case  of  Froude  number  Fn  ■ 
0.15,  the  critical  frequency  of  the  side  walls 
effect  is  5.46  rad/sec.  The  side  walls  effect 
is  noticed  considerably  in  the  experimental  re- 
sults in  regular  water  waves  as  shown  in  Fig.  8 
and  9.  On  the  contrary,  this  effect  isn't  obs- 
erved in  the  results  obtained  by  the  transient 
water  wave  test  (the  mean  values  of  three  expe- 
riments except  the  high  transient  water  wave  te- 
st which  were  illustrated  in  Fig.  5).  This  is 
probably  because  the  ship  moves  through  the  con- 
centrating transient  water  wave  in  a short  time, 
so  that  the  reflected  waves  may  not  strike  the 
aftbody  of  the  ship,  (in  (19),  the  side  walls 
effect  which  appeared  in  the  transient  water  wa- 
ve test  and  the  forced  transient  oscillation  te- 
st were  investigated  in  detail.)  In  the  range 
of  frequency  higher  than  the  critical  frequency, 
the  measured  values  by  two  different  methods  ag- 
ree satisfactorily,  and  also  coincide  well  with 
the  theoretical  calculations.  With  respect  to 
the  phase  difference  of  frequency  transfer  func- 
tions, the  experimental  values  agree  very  well 
with  the  calculation  (See  Fig.  8,  9»  10»  ll). 

It  is  noted  that,  since  the  experimental  phase 
difference  is  defined  as  the  phase  difference 
between  input  and  output  (eq.  (2)  ),  the  phase 
difference  calculated  by  O.S.M.  is  corrected  as 
follows  for  the  convenience  of  the  comparison  wi- 
th the  experimental  value.  In  the  theoretical 
calculation,  as  phase  difference  or  motion  is  us- 
ually defined  against  wave  crest  at  C.G.,  theo- 
retical phase  difference  is  corrected  by  the 
following  formula  in  this  paper. 
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♦ ' 01 ^ “e  ^ 


(5) 


where  *0l(“e^:  Corrected  phase  difference 
against  wave  crest  at  X m 
forward  from  the  center  of 
gravity  of  the  ship  (C.G.) 
#'oi(we):  Theoretical  phase  difference 
against  wave  crest  at  C.G. 
x : Distance  between  C.G.  of  model 
and  the  forward  position  where 
wave  probe  is  installed 


The  theoretical  phase  differences  corrected  by 
eq.(5)»  which  are  corresponding  to  the  phase  di- 
fferences obtained  by  the  experiments,  are  drawn 
in  every  figure. 

The  experimental  values  of  the  high  transient 
water  wave  test,  in  which  the  linearity  isn’t 
held  as  mentioned  previously,  are  also  plotted 
on  all  figures.  These  values  are  remarkably  sm- 
aller in  the  important  frequency  range  than  the 
calculations.  However,  the  wonder  is  that  the 
phase  differences  agree  well  with  those  of  other 
experiments  and  theory. 


4.1  The  wave  exciting  forces  test  with  restrain- 
ed model  in  transient  water  wave  and  the  fo- 
rced transient  oscillation  test  in  still  wa- 
ter 

In  order  to  solve  the  equations  of  motion  expe- 
rimentally, the  wave  exciting  forces  and  the  co- 
efficients of  equations  of  motion  must  be  measu- 
red. As  for  the  wave  exciting  forces,  the  meas- 
urement of  force  and  moment  with  restrained  ship 
model  has  been  conducted  in  regular  wave  (27). 

In  the  determination  of  coefficients,  the  stati- 
onary forced  oscillation  test  has  been  adopted 
in  usual  (27,  28).  With  respect  to  the  time  re- 
quired for  testing  model,  it  is  the  same  situat- 
ion that  we  met  in  ship  motion  test  in  waves. 

The  advanced  techniques  on  the  basis  of  transi- 
ent response  method  were  proposed  by  the  authors 
as  to  the  wave  exciting  forces  test  (12,  17). 

An  example  of  the  measured  wave  exciting  force, 
which  is  quoted  from  (17),  is  shown  in  Fig.  14. 
Analyzing  the  time  histories  shown  in  the  left 
side  of  Fig.  14,  the  wave  exciting  heave  force 
plotted  by  the  circle  was  obtained.  Experimen- 
tal values  agree  well  with  the  calculations  by 
O.S.M. 


5.2  Expression  of  ship  motions  in  time  domain 
(prediction  of  time  history) 

When  3hip  motions  in  frequency  domain  can  be 
described,  it  is  easy  to  predict  them  in  time 
domain  under  the  assumption  of  linear  superposi- 
tion. In  the  calculation  procedure,  the  weight- 
ing function  (eq.  (?))  is  calculated  beforehand 
by  using  the  theoretical  frequency  transfer  fun- 
ction, and  then,  taking  the  convolution  integral 
(eq.  (4)),  ship  motions  are  predicted  from  the 
measured  time  history  of  encounter  wave. 

The  first  example  shown  in  Fig.  12  is  the  predi- 
cted time  history  of  pitch  in  the  moderate  tran- 
sient water  wave.  The  predicted  response  of  pi- 
tch in  time  domain  agrees  almost  precisely  with 
the  measured  time  history.  This  is  the  reasona- 
ble result  which  are  expected  by  the  agreement 
of  both  in  frequency  domain. 

Let's  take  other  examples  in  which  clear  diffe- 
rences were1  observed  in  frequency  transfer  func- 
tions. In  this  case,  it  will  be  easily  expected 
to  get  the  time  history  different  from  the  mea- 
sured one.  Pitch  and  vertical  acceleration  pre- 
dicted from  the  encounter  wave  of  measured  high 
transient  water  wave  and  the  theoretical  weight- 
ing functions  are  shown  in  Fig.  1J.  Though  the 
ship-wave  system  isn't  linear,  predicted  pitch 
motion  doesn't  differ  so  much  from  the  measured 
time  history.  About  14  percent  difference  of 
amplitude  at  the  maximum  point  is  noticed.  As 
for  the  vertical  acceleration,  the  remarkable 
difference  of  both  amplitude  and  phase  is  found 
as  expected.  From  this  comparison,  it  is  concl- 
uded that  ship  motions  in  linear  zone  can  be  pr- 
edicted in  time  domain  if  the  frequency  transfer 
functions  are  known. 


4.  APPLICATION  OF  TRANSIENT  RESPONSE  METHOD 


Smith  and  Cummins  (13)  originally  proposed  the 
application  of  transient  response  technique  to 
the  forced  oscillation  test.  Then,  the  authors 
investigated  in  detail  the  systematic  determina- 
tion of  coefficients  by  means  of  the  forced  tran- 
sient oscillation  (12,  14,  15,  17,  18).  An  exa- 
mple is  shown  in  Fig.  15,  as  to  the  forced  tran- 
sient pure  pitch  oscillation  test.  The  input 
voltage  signal  for  the  electro-hydraulic  driving 
cylinder  was  made  by  sweeping  from  higher  frequ- 
ency to  lower  one  (2.0Hz-0.4Hz)  to  exclude  as 
possible  the  side  walls  effect  [“eJs.w.  and  the 
effect  of  unusual  hydrodynaraical  phenomenon  at 
the  critical  frequency  [ae]cr.*  g/4Vs.  The  un- 
usual hydrodynamical  phenomena  occur  around  the 
ship  when  the  velocity  of  waves  generated  by  sh- 
ip motion  becomes  the  same  as  the  forward  speed 
of  snip  (19,  24,  25,  26).  This  effect  observed 
remarkably  even  in  the  forced  transient  oscilla- 
tion test  as  shown  in  Fig.  15 . In  the  quoted 
case,  vertual  mass  moment  of  inertia  for  pitch 
was  obtained  from  the  cosine  component  of  the 
frequency  transfer  function  between  the  forced 
pitch  and  the  measured  moment.  Both  the  experi- 
mental value  and  the  calculation  agree  well.  It 
is  most  important,  as  to  the  forced  oscillation 
test,  to  measure  the  phase  difference  accurately, 
because  the  accuracy  of  determination  of  coeffi- 
cients depends  on  the  phase  difference. 

in  the  experimental  determination  of  coeffici- 
ents, the  authors  proposed  new  forced  oscillat- 
ion method  in  which  transient,  water  waves  was 
used  instead  of  known  mechanical  forces  (20). 

By  this  new  method  coefficients  can  be  obtained 
without  using  the  ordinary  forced  oscillation 
mechanism,  and  the  investigation  on  coefficients 
from  new  aspect  is  possible,  because  coefficien- 
ts are  obtainable  in  waves.  The  results  obtain- 
ed by  applying  this  technique  to  longitudinal 
ship  motions  almost  coincided  with  ones  by  con- 
ventional forced  oscillation  method. 


The  idea  of  transient  response  method  will  be 
applied  to  various  kinds  of  experiments.  The 
authors  would  like  to  introduce  three  applied 
experiments  here. 


4.2  The  measurement  of  wave  impact  pressure  in 
transient  water  wave 


27 


© IMcchE  1977 


I 28 


Extremely  high  wave  impact  pressures  were  measu- 
red at  bow  bottom  and  stem  when  the  ship  struck 
the  wave  front  of  concentrating  transient  water 
wave  (21).  The  voltage  generation  signal  of 
transient  water  wave  which  was  used  in  this  te- 
st was  made  especially  so  as  to  be  included  many 
high  frequency  wave  components.  An  example  of 
pressure  record  is  illustrated  in  Fig.  16.  In 
this  case,  maximum  of  impact  pressure,  measured 
at  the  point  on  stem  (corresponding  to  20m  W.L. 
of  the  actual  ship)  was  148cmAq.  As  the  model 
ship  is  2m  long,  this  impact  pressure  becomes 
183mAq  for  the  actual  shin.  This  type  of  test, 
in  which  only  the  transient  time  history  chan- 
ging its  profile  in  time  and  space  domain  is  im- 
portant, is  one  of  the  special  application  of 
transient  water  wave. 


5.  CONCLUDING  REMARKS 

From  the  proceeding  discussions,  it  is  certifi- 
ed that  in  the  determination  of  frequency  trans- 
fer function  the  testing  ship  models  by  transie- 
nt response  methods  excel  the  former  experimental 
techniques  in  the  reduction  of  total  testing  ti- 
me and  the  high  accuracy  of  the  experiment  incl- 
uding the  analysis  work.  The  authors  hope  that 
the  transient  response  method  will  be  applied  to 
the  commercial  routine  work  at  large  ship  model 
basin  in  near  future. 

In  addition,  the  calculations  by  Ordinary  Strip 
Method  are  compared  with  the  experimental  values 
in  both  frequency  and  time  domain.  It  is  concl- 
uded that  the  calculations  on  longitudinal  ship 
motions  is  accurate  enough  for  practical  usage 
in  linear  zone. 

As  special  application  of  transient  water  wave 
from  different  point  of  view,  it  is  noteworthy 
that  T.W.W.  is  effective  to  realize  the  extreme 
condition  of  ship  in  model  basin, as  shown  in  the 
measurement  of  wave  impact  pressure  mentioned  in 
4.2.  Such  experiments  will  have  possibility  to 
inquire  into  non-linear  phenomena. 
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Fig.  1 : The  total  instrumentation  installed  in  Ex- 
perimental Tank  of  Yokohama  National 
University. 
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Fig.  2:  The  measured  time  histories  in  the  moder- 
ate transient  water  waves  (the  concen- 
trating T.W.W.  with  constant  wave  height 
in  Fourier  spectrum-,  refer  to  Exp.  Ill  in  Fig. 
4.  Part  II). 
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Fig.  4:  The  measured  time  histories  in  the  high 
transient  water  waves  (the  concentrating 
T.W.W.  with  constant  wave  height  in  Fourier 
spectrum-,  refer  to  Exp.  112  in  Fig.  4,  Part  II). 
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Ship  motions  in  the  high  transient  water  waves 
(Numbers  correspond  to  PHOTO  No.  in  Fig.  4). 
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A)  FOURIER  SPECTRH  OF  HAVE  AM)  PITCH 


B)  FREQUENCY  TRANSFER  FUNCTION  OF  PITCH 
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Fig.  5:  Linearity  and  non-linaarity  of  ship  motions 
in  various  transient  water  waves. 


B)  TIME  HISTORY  OF  WAVE  AND  PITCH  OBTAINED  BY  USING  THE  SAME  SIGNAL 


I) 


TEST  IN  CONCE  RATING 
TRANSIENT  W.  W. 
(T.W.W.-I) 


2)  TEST  IN  DIVERGING 
TRANSIENT  W.  W. 
(T.W.W.-2) 


C)  FOURIER  SPECTRUM  OF  WAVE 
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DISSIPATION  OF  WAVE  ENEMY  TWjW_1 
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C)  FREQUENCY  TRANSFER  FUNCTION  OF  PITCH 


Fig.  6:  Comparison  between  the  tests  in  the 
concentrating  T.W.W.  and  the  diverging 
T.W.W. 
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B)  FOURIER  SPECTRUM  OF  WAVE 


C)  FREQUENCY  TRANSFER  FUNCTION  OF  PITCH 


Fig.  8:  Frequency  transfer  functions  of  heave. 


Fig.  7:  Test  results  in  the  concentrating  transient 
water  waves  with  constant  wave  slope  in 
Fourier  spectrum. 
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Fig.  9:  Frequency  transfer  functions  of  pitch. 
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Fig.  10:  Frequency  trensfer  functions  of  vertical  Fig.  11:  Frequency  transfer  functions  of  hydro 
scceleration.  dynamic  pressure. 
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Fig.  14:  Wave  exciting  heave  force  obtained  by 
the  T.W.W.  teat  (from  ref.  17). 
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Fig.  15:  Vertical  mate  moment  of  inertia  obtained 
by  the  forced  transient  pure  pitch  oscilla- 
tion test  (from  ref.  17). 


Fig.  16:  Wave  impact  pressures  measured  by  the 
T.W.W.  test  (from  ref.  21). 
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ADVANCED  EXPERIMENTAL  TECHNIQUES  FOR 
TESTING  SHIP  MODELS  IN  TRANSIENT  WATER  WAVES 
PART  II  THE  CONTROLLED  TRANSIENT  WATER  WAVES 
FOR  USING  IN  SHIP  MOTION  TESTS 

S.  TAKEZAWA  and  T.  HIRAYAMA 

Department  of  Naval  Architecture,  Faculty  of  Engineering,  Yokohama  National  University,  Yokohama,  Japan 


SYNOPSIS 

The  practical  procedure  controlling  Transient  Water  Waves  (T.W.W. ) arbitrarily  for  using  in  Ship  Motion 
Tests  is  presented.  Especially,  the  "Concentration"  of  T.W.W.  is  emphasized.  Through  Part  I ("The 
Transient  Test  Technique  on  Ship  Motions  in  Waves")  and  Part  II,  experimental  data  is  common,  so  syste- 
matical description  is  made.  For  the  search  of  the  transfer  function  of  Ship  Motion  System,  the  T.W.W. 
with  constant  wave  height  in  the  domain  of  Fourier  spectrum  is  suitable,  but  the  nonlinearity  of  wave 
itself  appears  in  the  region  of  high  frequency  especially  in  the  near  field  of  concentration.  So,  the 
T.W.W.  with  constant  wave  slope  is  investigated  also. 


1.  INTRODUCTION 

In  Part  II,  the  authors  show  systematically  the 
concrete  methods  how  the  Transient  Water  Waves 
(T.W.W.),  are  controlled  and  generated,  and 
describe  the  characteristics  of  T.W.W.  including 
nonlinearity. 

Generally  speaking,  waves  contain  two  informat- 
ions-amplitude  & phase,  and  the  new  method  pre- 
sented by  M.C. Davis  & E.E.Zarnick  (l),  was  very 
worthy  in  the  point  of  view  controlling  them. 
Namely,  considering  the  wave  dispersion,  they 
had  driven  the  wave  maker  with  sweeping  the  sig- 
nal frequency  linearly,  and  the  sweep  range  of 
frequency  was  decided  to  coincides  with  the  fre- 
quency of  regular  Wave  for  using  in  ship  res- 
ponse test. 

Following  them,  the  authors  (2,3)  developed  that 
idea  and  tried  to  control  T.W.W.  exactly,  consi- 
dering the  wave  maker  driving  signal  as  input 
and  the  generated  wave  height  as  output.  In 
that  idea  the  authors  emphasize  the  importance 
of  the  concept  of  "phase". 


Slope  in  the  domain  of  Fourier  spectrum. 
C.W.H.:  Transient  water  waves  with  Constant  Wave 
Height  in  the  domain  of  Fourier  spectrum 


2.  WAVE  MAKING  SYSTEM 

To  control  T.W.W.,  finally  we  must  make  a dri- 
ving signal  v(t).  Our  wave  maker  system  is 
diagramed  in  Fig.  1 of  Part  I.  The  wave  maker 
is  one  of  the  plunger  type.  The  plunger  is  dri- 
ven through  ball  screw  by  electric  servo  motor. 
Section  of  the  plunger  is  shown  in  Fig.  qo. 

Now  let's  the  system  from  the  wave  maker  driving 
signal  to  measured  wave  height  be  linear.  , Then 
we  must  consider  the  linear  transfer  functions 
between  Wave  Maker  Driving  Signal  and  Wave  Maker 
Stroke,  Wave  Maker  Stroke  and  Generated  Wave, 
and  Wave  to  Wave.  Fourier  Spectrum  of  time  his- 
tory of  wave  measured  at  x(m)  from  wave  maker 
becomes 

Hx(m)=V(u))-GhxV(oj)  (1) 


Finally  it  will  be  noticed  that  in  this  paper, 
the  T.W.W.  means  surface  waves  with  finite  du- 
ration or  finite  energy.  Then,  as  mentioned  in 
part  I,  the  representation  in  frequency  domain 
of  T.W.W.  is  Fourier  spectrum. 


where 

°hxv(  m )=ASV  • Ah()S  • Ahxh0  • exp[  i ( ‘t>sv+‘t’h0s+lt,hxh0  > 1 

so,  the  Spectrum  of  driving  signal  time  history 
in  voltage  for  wave  maker  V(  w ) becomes 


1.1  Notation 

Fundamental  notations  are  common  with  that  of 
part  I. 

hx(t)  * Time  history  of  wave  height  measured  at 
x(m)  away  from  wave  maker. 

Hx(u>)  : Fourier  spectrum  of  hx(t) 
v(t)  • Time  history  of  driving  signal  Voltage 
for  wave  maker. 

s(t)  ! Time  history  of  motion  of  wave  maker. 

We  use  a plunger  type  wave  maker,  so 
s(t)  is  the  Stroke  of  vertical  motion. 
C.W.S..  Transient  water  waves  with  Constant  Wave 
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(2) 


Frequency  transfer  characteristics  between  wave 
and  wave  is  represented  as  is  shown  in  Appendix 
(l),  for  deep  water 
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Ahxh0* 


♦hxho= 


(*•) 


Then  time  history  of  wave  maker  driving  signal 
is  obtained  a3 


'cos{t|i,  -$  +— •x+wtjdw 

hx  sv  h0s  g 


(5) 


For  numerical  calculations  of  equation  (5),  the 
transfer  function  Asv,  Ahos,  ♦sv  , ♦hos-are  key 
points,  and  practically  these  values  are  obtain- 
able from  preparatory  experiments.  In  this 
paper,  to  make  driving  signals, we  used  experi- 
mental characteristics  with  theoretical  values 
as  back  ground.  Asv,  ♦sv  are  decided  from  me- 
chanical and  electrical  characteristics  of  wave 
maker,  and  Ahos  is  wave  height  ratio  for  progre- 
ssive wave,  so  it  can  be  calculated  theoretica- 
lly. About  the  plunger  type  wave  maker  with  two 
dimensional  ship  like  section,  Ursell  & Tasai's 
Method  (7,  6)  will  be  used  by  introducing  Lewis 
Form  approximation.  ♦hOs  corresponds  to  the 
phase  difference  between  progressive  wave  and 
heave  at  the  position  of  ship  center  lihe,  and 
can  also  obtained  from  the  theory  mentioned 
above.  For  this  time,  we  consider  the  practical 
control  of  waves,  so  we  use  ♦hss  as  ♦hos  by 
making  phase  difference  correction  (u2/ g)x5.0 
concerning  distance.  Results  of  this  correction 
are  shown  In  Fig.  10. 


First  a3  an  example  of  the  T.W.W.  which  was 
generated  by  imposing  the  only  condition  of 
finite  duration  is  shown  in  Fig.  1.  Upper  half 
of  Fig.l  is  ai  example  of  uncontrolled  T.W.W. 

In  spite  of  short  duration  of  wave  maker  motion, 
the  time  history  measured  at  20m  away  from  wave 
maker  diverges  considerably.  In  contrast  with 
it,  about  the  controlled  one  so  as  to  concent- 
rate at  x - 25m  measured  time  history  of  wave 
at  20m  is  1/4  inspite  of  duration  of  wave  maker 
motion  is  about  4 times  longer. 

As  estimated  from  this  case,  if  we  make  no  cont- 
rol , component  waves  with  low  frequency  are 
generated  at  the  initial  stage,  and  high  fre- 
quency waves  are  left  beheind  because  of  slow 
speed.  Then  the  measured  time  history  of  waves 
are  extended,  so  the  some  what  control  of  T.W. 
W.  is  desired. 


4.  CONTROLLED  TRANSIENT  WATER  WAVE 

Judging  from  the  example  of  section  J,  uncont- 
rolled T.W.W.  has  following  two  faults.  First, 
lacking  of  control  on  phase  results  necessarily 
to  make  long  duration  by  the  reason  described  in 
section  3.  This  means  that  the  during  the  test 
in  T.W.W.  the  ship  motion  is  likely  affected  by 
the  reflected  wave  from  the  end  of  Experimental 
Tank.  Second,  at  lack  of  controll  for  amplitude 
some  times  results  about  zero  part  of  spect- 
rum. This  makes  the  numerical  reliability  falls 
down  when  we  calculate  the  transfer  function  as 
waves  input.  If  we  introduce  the  exact  control  , 
above  two  fault  immediately  dissolved. 


Fig.  2 illustrates  the  calculation  of  v(t)  de- 
fined by  equation  (5). 

(a)  is  designed  Fourier  Spectrum  of  T.W.W., 

(d)  is  transfer  function  of  our  wave  maken 
So  (a)/(d)  makes  resultant  spectrum  of 
signal  (e). 

By  Fourier  Transformation  of  (e)  the  time  histo- 
ry of  signal  is  obtained  like  (f),(g).  It  is 
noticed  that  they  are  similar  to  those  by  chan- 
ging frequency  linearly. 

(b)  is  also  transformation  of  (a). 

These  are  characteristic  time  histories  of  con- 
centration which  will  be  referred  later. 

(c)  is  wave  space  profiles  at  concentration. 

It  is  noticed  that  for  the  lower  frequencies 
than  3.7  rad/s  for  our  experimental  tank  the 
finite  depth  effect  results  adding  correction 
to  as  shown  in  Fig.2-(e)  by  dotted  line. 
Because  phase  speed  changes  from  the  value  of 
deep  water  (2). 

The  digitized  time  history  from  the  calculation 
of  eq.'  5 with  interval  At. sec,  is  to  be  punched 
to  paper  tape  (arid  by  using  D-A  converter,  we  ob- 
tain time  history  of  analogue  voltage  for  wave 
maker  driving  signal.  Filtering  it  by  low  pass 
filter  about  5Hz  and  recording  on  magnetic  tape 
by  data  recorder,  then  we  can  generate  the  same 
wave  repeatedly.  Obtained  signal  is  shown  in 
Fig.  2-(f)(g).  This  is  designed  to  concentrate 
at  25m  ajjart  from  the  wave  maker,  and  have  time 
length  a^out  50sec.  From  linear  sweep,  this  time 
length  is  about  41sec.  (See  Appendix  2) 


About  the  method  of  controlling  T.W.W.,  we  can 
classificate  them  in  the  domain  of  time  history, 
space  profile,  and  in  the  domain  of  frequency 
and  wave  number.  But  considering  the  transfer 
functions,  the  control  finally  becomes  in  the 
domain  of  frequency  i.e.  control  of  Fourier 
Spectrum.  T.W.W.  controlled  by  linear  sweep  of 
low  frequency  signal  generator  was  presented  by 
Davis  ft  Zarnick.  But  T.W.W.  obtained  by  this 
signal,  had  not  the  complete  concentration  such 
the  result  as  obtained  by  the  present  method. 


5.  CONCENTRATION  OF  TRANSIENT  WATER  WAVE 

The  duration  of  T.W.W.  which  is  suitable  for 
ship  response  test  is  to  be  short  enough,  consi- 
dering the  reflection  from  the  opposite  tank  wa- 
ll. As  for  T.W.W.,  the  concrete  meaning  of  fi- 
nite length  duration  is  not  clear,  so  we  must 
evalute  by  some  methods.  Here,  for  example  of 
those,  we  define  the  duration  of  time  history 
by  the  distribution  of  energy  like  value  which 
is  calculated  from  integration  of  second  moment 
of  square  amplitude  around  t=0.  Now  we  write 
Tfc  which  corresponds  to  radius  of  gyration  for 
rigid  body  as  follows, 

Tfc-/fo2/M0  (6) 

Where  from  Parseval's  theorem 

M */  °°  h2(t)dt A2(w)dtA j (7) 

0 -00  2ir  h 
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and 


about  phase  described  previous  section 


1.39 


M =/  " t2h2(t)dt 
2 -°° 


7.  CONTROL  IN  TIKE  DOMAIN 


=r/_:  [(^)2+A2€)2id“  (8) 


For  the  given  Ah(u),  the  phase  th  which  makes  T^ 
minimum  is  decided  by 


= o 

doj 


(9) 


it  means 

ip  = const.  (10) 

We  names  this  as  phase  part  of  minimum  time 
history. 

Then,  h(t)  becomes 


h(t)=  / Ah (a))* cos {ili^+utjdo)  (11) 

And  then,  adding  further  condition  that  h(t) 
realize  of  it  maximum  amplitude  available,  the 
following  equation 

i|i+wt  = ±nit  (12) 

must  be  satisfied  independent  of  w.  This  means 

t=0 

and  i)i=±nir  (13) 

Namely  if  we  planned  the  phase  part  as  i|/=±nu , we 
can  realize  maximum  amplitude  under  the  conditi- 
on of  given  amplitude  distribution  A(u>).  When 
the  condition  of  eq.(l3)  is  satisfied,  we  call 
such  state  as  exact  concentration  of  T.W.W.. 
Further  more, before  concentration  as  concentrat- 
ing T.W.W.,  after  concentration  as  diverging  T. 
W.W..  Time  history  including  concentration  and, 
space  profile  of  cc ncentrat Lon  for  designed 
Fourier  spectrum  is  shown  in  Fig.  2-(b),  (c). 
Above  discussion  is  made  in  frequency  domain, 
namely  for  component  wave,  so  the  only  phase 
speed  appeared  in  T.W.W.  control.  'When  the  wave 
maker  driving  signal  is  made  by  linear  sweep  of 
frequency  as  was  done  M.C. Davis  & E.E.Zarnick, 
similar  concentration  or  weak  concentration  of 
ip— —it /U  at  t=0  is  realized  (3).  For  these  cases, 
wave  control  must  be  considered  in  group  velo- 
city by  phase  function.  (Appendix  2) 


6 CONTROL  IN  FREQUENCY  DOMAIN 

As  far  as  we  control  T.W.W.  using  transfer  fun- 
ction, it  is  clear  that  we  are  controlling  T.W. 
W.  in  frequency  domain.  As  mentioned  in  part  I, 
when  we  search  transfer  function,  the  very  small 
amplitude  of  wave  spectrum  as  input  is  not  sui- 
table. So,  we  consider  to  generate  T.W.W.  with 
"Constant  Wave  Height",  which  have  constant  com- 
ponent wave  height  to  the  higher  frequency,  and 
then  from  the  point  of  keeping  the  linearity,  we 
consider  T.W.W.  with  "Constant  Wave  Slope",  whi- 
ch have  component  wave  of  constant  slope  defined 
height/length.  The  concrete  example  is  descri- 
bed in  section  9«  If  the  phase  is  arbitrary, 
that  is  no  control  about  phase,  the  time  history 
becomes  considerably  long  as  shown  in  Fig.l. 

The  control  concerning  Fourier  amplitude  only  is 
not  good,  so  we  consider  the  additional  control 


Control  for  minimum  duration  ( §5)  is  of  course 
the  one  of  controls  in  time  domain.  When  the 
desired  time  history  of  wave  is  given,  we  can 
obtain  signal  by  eq.(5),  because  from  time  his- 
tory its  Fourier  spectrum  is  calculated  or  con- 
sidering the  inverse  of  convolution,  also  signal 
time  history  is  calculated. 


8.  CONTROL  IN  SPACE  DOMAIN 

When  at  t=tQ  the  wave  space  profile  h(x)  is 
given,  the  corresponding  signal  time  history  is 
given  as  following  (Appendix  }),  first 

Ah(ui)=  -^■•H(k)exp(-ioyt0 ) 
where 

Hk=  / ^hfxlexptikxjdx 

so,  from  eq.(5)  we  can  calculate  the  driving 
signal  v(t).  Of  course  for  the  given  amplitude  / 
of  wave  spectrum,  the  maximum  wave  slope  is 
realized  at  the  concentration  and  this  is  sui-' 
table  for  wave  impact  experiment  mentioned^part 
I.  If  the  wave  height  at  the  concentration 
becomes  large,  the  wave  slope  becomes  jjdnsidera- 
bly  large  by  the  non  linear  effect.  -J 


(1U) 

(15) 


9.  DISCUSSION  FOR  EXAMPLE  OF  EXACTLY  CONTROLLED 
TRANSIENT  WATER  WAVE 

In  the  Fig.3~10  the  authors  show  examples  of 
waves  generated  by  the  combination  of  former 
controls  and  also  show  analyzed  results.  All  of 
these  T.W.W.  are  used  in  Part  I,  but  the  amp- 
litude of  spectrum  is  chosen  only  the  two  of  them 
"High"  and  "Moderate".  First,  Fig, 3 shows  time 
history  of  T.W.W.  with  constant  wave  slope  spec- 
trum. The  wave  slope  "6"  of  component  waves  are 

B = A(u)-k  = A(co)—  (16) 

g 

so,  for  6=c°nst,  A(ui)  must  be  proportional  to 
1/w2  • 

It  must  be  noticed  that  the  time  history  of  low- 
est part  in  Fig. 3 are  of  strokes  but  not  of  wa- 
ves. These  are  considered  as  same  shape  as 
those  of  signal.  It  is  clearly  shown  in  the  Fig. 

3,  that  the  part  of  T.W.W.  progresses  by  its 
group  velocity  defined  by  local  frequencies  and 
concentrating  to  the  designed  point  of  concent- 
ration (x»25m).  The  dotted  line  is  as  twice 
stroke  amplitude  as  the  solid  line,  and  in  spite 
of  large  amplitude  the  linearlity  of  the  system 
is  shown  because  the  wave  height  becomes  also 
about  twice  in  any  place  before  the  concentra- 
tion. | 

The  predicted  time  history  (x=30m)  is  shown  in 
the  left  region  of  Fig. 3.  This  prediction  is 
made  from  the  measured  time  history  (x*20m) 
using  the  linear  dispersion  relation.  In  spite 

of  including  concentration,  the  prediction  is 
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considerably  good  accordance  with  the  measured 
one  for  the  case  of  T.W.W,  with  C.W.S.  For  the 
experiments  shown  by  dotted  lines,  .seems  also 
good  accordance  will  be  expected  from  the  small 
deviation  of  phase  lag  charcteristics  shown  by 
the  mark  □ in  Fig.  9. 

Fig.  4 shows  the  measured  time  history  with  Con- 
stant wave  Height  i.e.  A(id  )=const.  Comparing 
solid  lines  (time  history)  with  the  dotted  strai- 
ght lines  showing  the  local  group  velocity  defi- 
ned by  local  wave  frequency  of  the  wave  front, 
it  is  clearly  seen  that  in  the  front  region  of 
wave  train,  the  group  velocity  or  phase  velocity 
considerably  increasing.  This  phenomenon  has 
contrast  comparing  the  case  of  C.S.W.  And  from 
this  reason,  the  point  of  concentration  is  shif- 
ted back  about  2 m . Time  history  shown  by  dott- 
ed line  is  the  case  of  the  twice  stroke  ampli- 
tude, so  the  nonlinearity  becomes  strong  and  the 
wave  Breaking  occurs  at  concentration.  The  pre- 
diction of  the  time  history  is  also  shown  like 
Fig. 3.  Even  if  in  the  case  of  moderate  ampli- 
tude prediction  is  not  good,  especially  in  the 
region  of  high  frequencies  and  this  means  the 
loss  of  linearity  assumption. 

In  this  Figure  the  encountering  position  of  the 
ship  model  corresponds  to  Exp. No. 80  (also  corres- 
ponds to  the  photo  in  part  I)  is  drawn.  The  ship 
encounterings  with  T.W.W.  looks  complicated,  but 
the  experimental  results  confirms  the  assumption 
of  existing  component  wave. 

The  amplitude  part  of  spectrum  which  corresponds 
to  the  series  experiment  is  shown  in  Fig, 5. 

The  left  side  of  the  figure  is  to  the  C.W.S.  and 
the  other  the  C.W.H.  The  characteristic  diffe- 
rences between  the  two  are  clear.  These  figures 
are  the  tracing  figure  of  hard  copies  obtained 
by  the  Analyser  with  F.F.T  mentioned  in  part  I, 
and  the  analysis  itself  finished  in  very  short 
period.  The  nonlinear  characteristics,  descri- 
bed former,  also  appear  in  the  figures.  Namely, 
the  positional  change  of  C.W.S.  is  small  in 
comparison  with  that  of  C.W.H.  When  we  require 
to  search  the  ship  response  function  from  the 
wave  probe  in  forward  position  of  the  ship,  no 
change  of  spectrum  shape  is  in  need  of  fundamen- 
tal condition,  so  in  that  point,  T.W.W.  with 
C.W.H.  is  not  good  in  exact.  But  for  the  trans- 
fer function  for  longitudinal  ship  motions,  the 
nonlinearity  does  not  appear  remarkably,  so  the 
T.W.W.  with  C.W.H.  is  suitable  to  avoid  null 
division  in  high  frequency  range.  This  fact  is 
already  described  in  part  I. 

Next,  we  discuss  the  characteristics  of  genera- 
ted waves  from  the  view  point  of  frequency  tran- 
sfer function.  These  are  shown  in  Fig. 6,  7. 
These  are  also  obtained  by  the  analyzer  in  almo- 
st real  time.  The  amplitude  ratio  of  wave  to 
wave  should  become  1.0.  The  lowest  part  of  the 
figure  is  the  transfer  function  of  plunger  sect- 
ion which  corresponds  to  so  called  the  amplitude 
ratio  of  progressive  wave.  The  right  hand  side 
of  eacn  Figure  expresses  the  phase  difference 
characteristics.  And  this  must  be  -(w^/g)-Ax 
where,  Ax  is  distance  between  two  wave  proves 
(Ax*x2-Xj).  This  phase  part  is  corrected  by 
+2nn,  so  the  resultant  line  is  zig  zaged  Fig. 8. 
The  distance  is  larger,  the  inclination  becomes 
larger.  The  transfer  function  of  Fig.  6,  ^ is 
based  or.  the  spectrum  measured  at  x*20m,  so  the 
phase  difference  characteristics  becomes  synvne- 
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The  phase  difference  characteristics  is  rot 
clear  from  the  Fig.  6,7  only.  So,  in  Fig. 9 
we  shew  the  result  made  by  correction  iu2/g-Ax 
ccnceminir.g  the  distances.  This  is  the  devi- 
ation from  the  linear  theory,  and  so  if  the 
phenomenon  is  linear  it  must  be  zero.  The  fact 
that  (<t,hxlhv2+lj2/,'S'Ax)  has  plus  value,  meat.,  the 
existence  of  phase  speed  increase  of  component 
wave.  This  point  is  refered  in  section  10, 
but  generally  the  case  of  large  amplitude  I..-. 
with  C.W.H.  has  large  deviation  fren  linear- 
theorem,  so  attention  is  required  in  controlling 
T • W . W . 


10.  NONLINEARITY.  (5,6) 

The  control  of  T.W.W.  described  former  section 
is  based  on  the  linearity  of  the  system.  But 
as  wave  amplitude  becoms  large,  it  is  clear  ‘hat 
the  nonlinearity  appears.  The  nonlinearity 
first  appears,  as  increasing  the  phase  velocity 
of  component  waves.  This  effect  results  the 
deviation  of  phase  difference  of  wave  trans- 
fer function  as  shown  in  Fig.  9.  Moreover  as 
the  amplitude  increase,  wave  breaking  occurs 
especially  at  the  concentrating  point  and  the 
energy  is  lossed.  Tnis  results  the  spectrum  a 
great  change  as  shown  Fig. 12.  (Solid  and  dotted 
line)  From  the  view  point  of  linearity,  T.W.W. 
with  constant  wave  slope  is  superior  because, 
as  shown  in  Fig. 3,  even  though  there  appears 
wave  breaking  on  the  orest  at  concentration,  the 
concentration  position  hardly  changes  for  C.W.S. 

As  for  the  T.W.W.  with  constant  wave  height, 
at  the  initial  stage  of  transition,  the  wave 
front  is  unstable  and  wave  breaking  appears. 

From  Fig. 4 the  group  velocity  of  wave  front  is 
increased  and  this  also  said  from  the 

phase  characteristics  in  Fig. 8.  From  this, incr- 
ease 'of  phase  speed  seems  about  8.1$  (See  Appen- 
dix 4)*  And  by  the  change  of  speed,  the  point 
of  concentration  moves  back. 

When  there  is  a great  wave  breaking  at  concent- 
ration, about  40$  energy  loss  to  the  maximum  in 
the  frequency  domain  is  reported,  and  for  the 
case  of  Fig. 12  there  was  about  41$  energy  los3. 
Here  the  energy  loss  is  evaluated  by  equation 
( Ap . 4 ) , so  it  does  not  shows  real  energy.  Pre- 
diction of  wave  profile  from  the  after  concent- 
rated point  (37.5m)  is  shown  in  Fig. 14.  Though 
there  was  great  wave  breaking,  the  prediction 
describes  the  tendency  of  wave  profile. Photo. 2,3. 
From  this  point,  the  wave  system  doesn't  per- 
fectly break  down  in  spite  of  the  great 
breaking  in  deep  water  and  after  it  the  system 
also  recover  the  linearity. 


11.  CONCLUDING  REMARKS  AND  ACKNOWLEDGEMENT 

Evaluating  theoretically  and  experimentally  the 
three  transfer  function  Ggv,  Ghos,  GhxhQ  (dri- 
ving signal  to  stroke,  stroke  to  wave  height, 
wave  height  to  wave  height),  the  authors  showed 
the  practical  procedure  controlling  the  T.W.W. 
with  good  accuracy. 

By  the  application  of  this  exact  method,  we  cou- 
ld precisely  realize  the  T.W.W.  with  C.W.S.  and 
C.W.H.  Tne  control  of  T.W.W.  must  be  performed 
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by  group  velocity  base!  or.  local  frequency. 

When  the  concentrating  point  is  far  away  from 
the  wave  maker,  or  the  sweep  time  becomes  long 
enough  in  the  linear  sweep  method,  Fourier 
spectrum  of  T.W.W.  can  be  roughly  controlled 
by  the  linear  sweep  met-.oi. 

As  this  method  is  based  on  the  assumption  of 
linearity,  the  limitation  to  the  "exact”  contr- 
ol must  be  recognized.  Especially  when  we  rea- 
lize a large  amplitude  concentrating  T.W.W., 
non-linearity  make'  the  concentrating  position 
goes  back,  and  in  the  frequency  domain  the 
Fourier  spectrum  changes  in  the  part  of  high 
frequency.  So,  for  the  searc.n  on  the  transfer 
functions  of  ship,  encountering  ship  and  wave 
at  the  concentration  point  must  be  avoid.  As 
for  control  of  T.W.W.  the  deviatin’,  of  concent- 
rating position  and  Fourier  spectrum  of  the  hi- 
gh T.W.W.  are  estimated  apf roximately  except 
the  states  forming  the  large  wave  breaking  and 
lossing  the  energy  of  wave. 

On  the  contrary  for  the  severe  experiment  like 
a wave  impact  pressure,  the  positive  use  of 
nonlinear  characteristics  is  possible. 

This  experiment  carried  out  especially  for  this 
symposium  at  the  Experimental  Tank  of  Yokohama 
National  University.  Many  people  joined  this 
work,  and  without  their  serious  assistant  this 
report  could  not  be  accomplished  in  a very  sho- 
rt time.  So  the  authors  are  gratefully  acknow- 
ledged to  those,  K.  Miyakawa,  T.  Takayama, 

K.  Kasahara  and  others. 


Where  Ep  is  potential  energy  and  Ep  is  potential 
energy  like  va  ue  defined  in  the  time  domain. 

Of  course 

£p  + YEp  (Ap.6) 

where  v is  constant 

Equation  (App.  ) is  expanded  assyr.pt  tically  in 
the  field  of  gt'VixUa)  is  large 

h( x ,t ) : ,/^A(-^-)cos (^-  )+0( a (Ap.T) 

This  shows  that  the  frequency  part  f gt/2x=  0 
(0=  const.)  moves  in  group  velocity  (l/2).c, 
along  the  line 

x=2"ft=2et  (AP'8) 

with  amplitude 

^=‘A(u)  (Ap.9) 

And  also  shows  that  the  amplitude  distribution 
of  spectrum  corresponds  to  the  envelope  of  time 
history.  This  is  deary  seen  in  Fig.  5,4. 

We  shall  discuss  equation  (Ap.7)  further.  If  we 
introduce  phase  function  9(x,t)  as 

0(*,t)  = + £ (Ap.10) 

then  we  can  define  local  frequency  £ and  wave 
number  ic  as  follows 


APPENDIX  1.  LINEAR  THEORY  OF  T.W.W. 

Under  the  assumption  of  incompressible,  perfect 
fluid,  the  Fourier  representation  of  the  solu- 
tion of  Laplace's  equation  concerning  velocity 
potential  which  satisfies  free  surface  condi- 
tion is 

4>(x,z,t)=  — / °°  ^A(u))exp(^-z)sin{~'X-ut+5(aj)  }dco 

m -°°  w g g 

( Ap . 1 ) 

Wave  height  then  becomes 

h(x,t)=— /o  A(uj)cos{—  x-oot+6  (u)  }dui 

8 2 

=Re7J’o  A ( w ) exp [ i { x-6(w) } ]exp(  imt  )du> 

(Ap.2) 

and  this  is  the  inversed  Fourier  Transformation 
of  A(u)exp[if(1)2/g.x-6(u  )}]  . So, the  amplitude 

part  a(w)  of  wave  spectrum  is  independent  of  x, 
and  phase  part  is  -(u)2)/g.x-64Jor  transfer  func- 
tion between  Ax  is 

Gh2h:j  1<exP< -i^^Ax)  ( Ap . 3 ) 

Here,  iu2  is  modified  to  odd  function  because 
phase  is  odd  for  the  real  time  history. 

As  for  energy,  following  Parseval  theorem, next 
equation  is  formed 


ii(x,t)  = -flt  = §^ 
k(x  ,t  )=  e x = j^-2 

Tne  expression  h(x,t)  becomes. 


(Ap.ll) 

(Ap.12) 


ll(x,t) 


u ) • cos  ( kx-ut+r-) 


(Ap.13) 


Algo,  (phase  +it  / i)  of  approximated  wave  makes 
(uj  /g).x  in  spectrum. 


APPENDIX  2 RELATION  TO  LINEAR  SWEEP  OF 
FREQUENCY  (5) 


From  the  expression  equation  (Ap.7),  if  we  dis- 
cuss the  time  history  at  the  position  of  wave 
maker,  it  becomes, 

h(0,t ) * A(fi)cos(-ftb  tx)  (Ap.lU  ) 

»x0  **X0  4 

or 


then 


(Ap.15) 


Ep  = I ^ h2dt  = A2du>  (Ap.L) 

EP;  t*  h2dx  = h “a2<1“  (Ap.5) 


(Ap.l6) 


This  means  at  the  point  far  from  the  ^concentra- 
tion, the  positional  local  frequency  <2  , changes 
linearly.  And  this  give  the  base  to  the  const- 
ruction of  wave  maker  driving  signal  by  linear 
sweep  of  frequency. 
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If  we  think  to  cover  the  frequency  range  accor- 
ding to  local  frequencies,  frequency  sweep  time 
is  decided  as  follows.  At  t-tj,  the  lowest  fre- 
quency wave  with  is  generated  and  at  t“tjj« 
the  highest  frequency  wave  with  3jj,  then  sweep 
time  Ts  becomes 

Ts*VtL"2fD(“H-"I‘)  (Ap.17) 


For  the  case  of  signal  used  for  the  present 
experiment  with  fflg=10  rad/s,  and  Cl=2  rad/s 
and  further  the  concentration  position  is  desi- 
gned at  25m.  Then  sweep  time  Ts=41sec. 

The  other  hand,  calculated  time  history  has 
about  50  sec  duration. 


APPENDIX  WAVE  PROFILE  PREDICTION 

In  the  linear  system,  the  prediction  of  wave 
profile  from  the  measured  time  history  is  very 
simple  and  the  inverse  also.  As  was  mentioned 
in  Appendix  1,  when  the  spectrum  is  known  at 
the  given  t ime , _ the  wave  profi-le  is 

ht0(x)=i/0  A(u)exp(-ii^x)exp(iwt0)du)  (Ap.l8) 

Representation  in  wave  number  domain  is 

u)exp(iwt0)exp(ikx)dk  (Ap.19) 


In  connection  with  wave  impact  experiments  (4) 
we  shall  refer  the  surface  speed  of  T.W.W.  espe- 
cially near  concentration.  From  simple  analysis 
for  thea/u2  type  spectrum,  the  horizontal  velo- 
city of  crest  at  the  concentration  is  given  by 


= g_ 

U]^+uH 


= _£ 

“c 


(AP.20) 


this  means  that  the  speed  equals  that  of  phase 
velocity  of  mean  frequency  wc  * . 

2 

Por  present  experiments  <dc=6  rad/s.  so  cx"1.633m/s. 
Evaluating  from  the  Photo  1,  o>c»1.35  m/s 
Difference  between  the  two  value  will  be  the  ef- 
fect of  non-linearity.  ' 


APPENDIX  4.  INCREASE  OP  PHASE  VELOCITY  OF 

COMPONENT  WAVE  IN  THE  REGION  AWAY 
FROM  CONCENTRATION. 

In  the  region  away  from  concentration,  locally 
the  T.W.W.  will  be  considered  to  be  simple  sine 
wave.  This  will  be  understood  in  Pig. 3 4.  So 
the  local  characteristics  of  finite  amplitude 
T.W.W.,  before  concentration,  will  be  estimated 
adopting  the  higher  order  Stokes'  Waves.  As 
described  before,  the  phase  of  local  frequency 
is  connected  with  the  phase  part  of  the  spectrum 
so  it  is  expected  by  introducing  Stokes'  effects 
into  local  waves,  that  the  nonlinear  effect  to 
the  phase  part  deviation  will  be  described. 

For  example,  Constant  Wave  Height  of  Fig. (4), 
the  wave  front  at  x»15m  has  constant  amplitude 
about  a=4Gmm.  (Corresponds  to  dotted  line) 

So,  if  we  introduce  Stokes'  effect  as 

CsCo{l+|-(k0a)2}«fi{l*a(ii))}  (Ap.21) 


in  the  rough  approximation,  then 
a(w)=8.329,10"6'w1'  (Ap.22) 

from  this,  phase  difference  deviation  becomes 

2 

A4=-Ax-a(u)=4.3-10~6.u6  (Ap.23) 

g 

This  curve  is  drawn  in  Fig. 9 by  a dotted  line. 

For  the  case  of  Constant  Wave  Slope,  (Exp.  No. 
105  in  Fig.  3)  the  wave  height  is  represented 


approximately  as 
a(w)=0.5k/w2 

(Ap.2L) 

so,  a becomes, 

a=^  (— ) 2a2  ( u ) =1 . 518  • 10”  3=const 

2 g 

(Ap.25) 

then 

Aif>=  — • Ax '0(11))  =7 .7^5  "lO'^.u2 

(Ap.26) 

This  curve  is  also  drawn  in  Fig. (9)  by  a dotted 
line.  From  the  comparison  of  equation  (Ap.23), 
(Ap.26)  with  the  analyzed  results,  it  will  be 
said  that  the  difference  of  w®  and  w2  describes 
experimental  tendency . So  we  can  introduce  phase 
deviation  into  T.W.W.  control. 
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Calculating  procedure  for  wave  maker  driving  signal. 


Predicted  from 
measured  time  histor 


Fig.  3:  Concentrating  transient  water  waves  with  constant  wave  slope  (C.W.S.).  These  examples  are  used  in  part  I. 


Predicted  from 

measured  time  history 
...  ot  X * 20_ 
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Fig.  4:  Concentrating  transient  water  waves  with  constant  wave  height  (C.W.H.).  These  examples  are  used  in  part  I. 


1 47 


Amplitude  Part  of  Fourier  Spectrum  by  measured  time  history 
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Fig.  5:  Amplitude  part  of  Fourier  spectrum  from  measured  time  history  shown  in  Fig.  3 and  4. 
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Transfer  Function  of  T.  W.W  with  Constant  Wave  Slope 

Phase  Lag 
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Fig.  6:  Transfer  function  of  T.W.W.  with  constant  wave  slope  corresponds  to  Fig.  3 and  5 (left). 
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Transfer  Function  of  T.W.W.  with  Constant  Wave  Height 
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Transfer  function  of  T.W.W.  with  constant  wave  height  corresponds  to  Fig.  4 and  5 (right). 
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Fig.  1 1 : Measured  time  history  of  large  amplitude 
T.W.W.  with  constant  wave  slope,  which 
corresponds  to  Fig.  13. 


Fig.  10:  Transfer  function  between  stroke  and 
generated  wave. 


Fig.  12:  Fourier  spectrum  of  large  amplitude  of 
T.W.W.  with  constant  wave  height  corre- 
sponds to  Fig.  14  and  15. 

The  mark  ♦-  and  & is  from  R**  4 which 
corresponds  to  Fig.  16  of  part  1 . 


IMechE  1977 


PHOTO  Na_ 


Predicted  Wave  height  from  the  time 
history  at  x=20m  (At=026sec ) 

Photo  1 : Photograph  by  motor  driven  camera. 

(Exp.  No.  5).  Concentration  of  Transient 
Water  Wave  (T.W.W.)  with  constant 
wave  slope  (designed  position  of  con- 
centration is  25  m from  wave  maker). 

Time  history  obtained  at  25.5  m is  shown 
in  Fig.  11. 


Fig.  13:  Predicted  wave  height  from  the  time 
history  at  20m  from  wave  maker.  Corre- 
sponds to  Photo  1 and  Fig.  11. 
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Predicted  Wove  height  from  the  lime 
history  at  x'37.5  m (At*0.28sec) 


- 'O 


36m  35m  34  m 33m 


Photo  2:  Photograph  by  motor  driven  camera.  Pig.  14:  Predicted  wave  height  from  the  time  his- 
Concentration  of  Transient  Water  Wave  tory  at  37.5  m from  wave  maker.  Corre- 

with  constant  wave  height  (Exp.  No.  sponds  to  Photo  2. 

121).  Large  breaking  ia  observed. 
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Photo  3:  Oblique  view  of  Photo  2. 
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EXPERIMENTAL  TECHNIQUES  AND  METHODS 
OF  ANALYSIS  USED  AT  HYDRONAUTICS  FOR 
SURFACE-SHIP  MANEUVERING  PREDICTIONS 

ALEX  GOODMAN,  MORTON  GERTLER  and  ROBERT  KOHL 
Hydronautics,  Incorporated,  Laurel,  Maryland. 


abstract 

Standard  techniques  and  analysis  methods  have  been  developed  at  HYDRONAUTICS  Ship  Model  Basin  (HSMB) 
primarily  for  conducting  detailed  design  and  evaluation  studies  of  the  directional  stability  and  control 
characteristics  of  proposed  and  existing  surface-ship  designs.  The  techniques  are  based  on  the  use  of  a 
new  large-amplitude  horizontal  planar-motion-mechanism  system  designated  as  the  HSMB  LAHPMM  System.  The 
new  system  incorporates  several  unique  features  intended  to  improve  efficiency  and  effect  cost  savings  in 
the  model  testing  process.  Among  these  is  an  integrated  towing  system  which  permits  conduct  of  all  model 
tests  routinely  required  for  specific  designs  (including  calm-water  resistance,  propulsion,  and  PMM  tests) 
in  uninterrupted  sequence  without  requirement  of  separate  rigging  and  program.  The  overall  method  consists 
of  PMM  tests  with  large  surface-ship  models  (ranging  from  18  to  27  feet  in  length)  to  determine  complete 
sets  of  hydrodynamic  coefficients  including  those  related  to  powering;  formulation  of  mathematical  models 
therefrom  based  on  the  Standard  Equations  of  Motion;  and  conduct  of  maneuvering  studies  employing  the 
mathematical  models  in  conjunction  with  computer  simulation  techniques. 

The  new  HSMB  LAHPMM  System  and  associated  experimental  and  analysis  techniques  are  described  in  detail. 

The  results  of  a standard  program  carried  out  for  a MARINER  class  vessel  are  presented  to  illustrate  a 
typical  use  of  the  overall  system  and  methodology.  Included  are:  a complete  set  of  hydrodynamic  coeffi- 
cients necessary  to  formulate  the  mathematical  model;  predictions  of  resistance  and  propulsion  character- 
istics; and  computer  simulation  predictions  involving  representative  definitive  maneuvers.  Pursuant  to 
the  ITTC  Standard  Program,  the  hydrodynamic  coefficients  obtained  for  MARINER  at  HSMB  are  compared  with 
those  derived  by  other  laboratories.  The  computer  simulation  predictions  based  on  the  HSMB  LAHPMM  data 
are  compared  and  show  good  agreement  with  corresponding  trajectory  data  measured  from  full-scale  maneuver- 
ing trials  of  the  COMPASS  ISLAND.  For  convenient  reference,  an  updated  history  of  the  international  de- 
velopment and  use  of  PMM  and  PMM  systems  is  included  among  the  appendixes  along  with  other  detailed 
information  related  specifically  to  the  HSMB  methods. 


INTRODUCTION 

One  of  the  most  important  prerequisites  to  the 
successful  operation  of  a naval  surface  ship  is 
that  is  possess  all  of  the  maneuverability  char- 
acteristics necessary  to  carry  out  its  specified 
mission  in  an  efficient  and  reliable  manner. 
Accordingly,  the  U.  S.  Navy  and  other  navies 
throughout  the  world  have  maintained  a continuous 
interest  in  the  use  of  various  types  of  model  tests 
and  full-scale  trials  to  assure  that  at  least  cer- 
tain tactical  requirements  are  fulfilled  (Ref.  1). 
However,  the  advent  of  new  merchant  ship  types, 
such  as  the  very  large  crude  carrier  (VLCC),  served 
to  accelerate  the  development  of  more  advanced  ex- 
perimental and  analytical  techniques  applicable  to 
the  field  of  surface-ship  maneuverability  because 
of  the  major  safety,  economic,  and  ecological 
problems  that  were  generated. 

Many  laboratories  throughout  the  world  still  use 
free-running  model  tests  as  their  primary  technique 
for  evaluating  the  maneuvering  characteristics  of 
surface  ships.  For  most  practical  purposes,  such 
evaluations  are  limited  to  those  handling  qualities 
associated  with  inherent  or  open-loop  performance. 
Fortunately,  the  modern  trend  seems  to  be  directed 
toward  the  almost  exclusive  use  of  captive-model 
tests  and  associated  computer  simulation  techniques 
comparable  to  those  developed  earlier  by  the  U.  S. 
Navy  for  the  case  of  submarines  (Ref.  2).  Such 


techniques  provide  more  fundamental  design  data  as 
well  as  the  additional  means  for  solving  various 
closed-loop  problems,  including  environmental  ef- 
fects superimposed,  which  are  associated  with  the 
control  and  operation  of  modern  ships.  Further- 
more, they  provide  the  mathematical  model  essential 
to  the  operation  of  real-time  simulators  which  now 
play  an  important  role  in  the  training  of  both  naval 
and  merchant  ship  personnel. 

The  main  purpose  of  this  paper  is  to  describe  the 
standard  techniques  developed  and  currently  used  at 
HYDRONAUTICS  Ship  Model  Basin  (HSMB)  to  perform  de- 
tailed evaluation  studies  of  the  maneuvering  char- 
acteristics for  specific  designs  of  displacement 
type  surface  ships.  The  method  employs  the  new 
HSMB  Large-Amplitude  Horizontal  Planar  Motion 
Mechanism  (LAHPMM),  which  has  the  capacity  for  test- 
ing surface-ship  models  ranging  from  18  to  27  feet 
in  length,  in  conjunction  with  Standard  Equations  of 
Motion  developed  for  surface  ships.  The  resulting 
mathematical  models  are  sufficiently  comprehensive 
to  permit  computer  simulation  of  trajectories  re- 
sulting from  even  the  most  extreme  maneuvers  within 
the  capabilities  of  essentially  all  modern  surface- 
ship  types.  A unique  feature  associated  with  the 
HSMB  LAHPMM  is  an  integrated  towing  syst»W  'which 
permits  the  conduct  of  all  required  calm-water  tests 
(Including  resistance,  propulsion,  and  PMM  tests)  in 
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an  uninterrupted  sequence.  This  feature  will  im- 
prove testing  efficiency  and  effect  cost  savings 
particularly  in  design  development  investigations 
of  a routine  nature  since  it  will  eliminate  the 
usual  requirement  of  separate  rigging  and  program. 

The  intent  of  this  papei?  is  to  provide  a single- 
source reference  both  for  laboratory  type  personnel 
who  must  apply  the  techniques  to  produce  the  re- 
quired data  as  well  as  for  ship  designers,  opera- 
tors, and  others  who  will  utilize  the  end  results. 

It  has  been  deemed  necessary,  therefore,  to  include 
sufficient  detail  to  provide  a full  understanding 
of  the  methodology  and  equipment  involved  as  well 
as  the  range  of  validity  of  its  use.  Specifically, 
this  paper  presents  the  underlying  considerations 
which  led  to  the  development  of  the  original  PMM 
System  and  second  generation  large  amplitude  PMM's 
used  for  surface-ship  model  testing;  describes  in 
detail  the  new  HSMB  LAHPMM  System  currently  in 
operation  including  the  principal  component  parts 
of  the  hardware  in  the  towing,  measurement,  data 
acquisition,  and  data  processing  systems;  outlines 
the  procedures  used  for  resistance,  propulsion,  and 
PMM  tests  employing  the  integrated  towing  system 
feature;  describes  the  methods  used  for  reduction 
and  analysis  of  the  various  test  data;  explains  the 
methods  used  to  formulate  the  mathematical  models 
and  to  conduct  the  computer  simulation  studies  of 
ship  maneuvers;  presents  a complete  set  of  hydro- 
dynamic  coefficients  for  a MARINER  class  vessel 
derived  from  tests  using  the  HSMB  LAHPMM  System 
pursuant  to  the  ITTC  Standard  Program  and  makes 
comparisons  with  corresponding  values  obtained  by 
other  laboratories;  and  compares  computer  simula- 
tion predictions  based  on  the  mathematical  model 
obtained  from  the  HSMB  LAHPMM  tests  with  correspond- 
ing trajectories  measured  during  full-scale  trials 
of  the  MARINER  (COMPASS  ISLAND).  To  augment  the 
text  of  the  paper,  other  pertinent  information  is 
given  in  Appendixes  A through  F,  respectively,  in- 
cluding: a complete  notation;  a chart  outlining 
the  history  of  the  international  development  and 
use  of  PMM  and  PMM  systems;  an  explanation  of  the 
mathematical  operations  performed  during  tests  with 
the  LAHPMM  System;  a table  of  reduction  equations 
and  detailed  instructions  for  formulating  the  math- 
ematical model  for  computer  simulation  studies;  and 
step  by  step  procedures  for  conducting  definitive 
maneuvers  used  as  standard  at  HSMB  for  surface-ship 
maneuvering  studies. 

GENERAL  CONSIDERATIONS 

It  is  now  generally  conceded  that  captive-model 
tests  of  the  PMM  variety  offer  the  most  direct  and 
efficient  means  available  for  determining  all  of 
the  hydrodynamic  coefficients  required  for  modern 
computer  simulation  studies  of  ship  maneuvering 
characteristics.  This  is  evidenced  by  the  acceler- 
ated development,  acquisition,  and  active  use  of 
PMM  facilities  by  laboratories  throughout  the  world, 
as  indicated  by  the  historical  chart  of  Appendix  B. 
Moreover,  the  PMM  technique  has  been  rapidly  gain- 
ing favor  over  the  free-running  model  technique  for 
routine  design  evaluation  studies,  for  reasons 
given  in  the  next  section.  The  purpose  of  this 
section  is  to  outline  the  basic  principles  and 
general  philosophy  which  have  governed  these  PMM 
developments.  Special  emphasis  is  placed  on  those 
considerations  which  have  influenced  the  develop- 
ment and  use  of  large  amplitude  PMM's,  such  as  the 
HSMB  LAHPMM,  for  the  case  of  displacement  surface 
ships. 

The  fundamental  principles  which  form  the  basis  of 
the  PMM  technique  are  given  in  detail  for  the  case 


of  submarines  in  References  3,  4,  and  5 and  for  the 
case  of  surface  ships  in  References  6 and  7.  For 
those  not  yet  familiar  with  the  technique,  these 
principles  are  briefly  reviewed  as  follows: 

The  basic  PMM  System  (Ref.  3)  incorporates  in 
one  device  a means  for  experimentally  determining 
all  of  the  hydrodynamic  coefficients  required  in 
the  equations  of  motion  of  a body  moving  through  a 
fluid  in  six  degrees  of  freedom.  These  coefficierts 
are  usually  classified  into  three  general  categor- 
ies: static,  rotary,  and  acceleration.  The  static 
coefficients  are  due  to  the  components  of  linear 
velocity  of  the  body  relative  to  the  fluid;  the 
rotary  coefficients  are  due  to  components  of  angu- 
lar velocity;  and  the  acceleration  coefficients  are 
due  to  either  linear  or  angular  acceleration  com- 
ponents. Within  limited  ranges,  the  coefficients 
are  linear  with  respect  to  the  appropriate  vari- 
ables, and  thus  may  be  utilized  as  static,  rotary, 
and  acceleration  derivatives  in  linearized  equa- 
tions of  motidn. 

The  PMM  System  explicitly  determines  the  numer- 
ical values  in  each  of  the  three  foregoing  categor- 
ies by  imparting  certain  hydrodynamically  "pure" 
motions  to  the  body.  The  primary  modes  of  motion 
used  for  this  purpose  are  shown  schematically  by 
Figure  1 for  the  case  of  horizontal-plane  motions 
of  a surface  ship  (three  degrees  of  freedom).  The 
means  for  measuring  and  resolving  the  force  and 
moment  coefficients  in  each  category  are  described 
in  detail  later.  Briefly,  the  static  coefficients 
are  obtained  directly  from  measurements  of  steady 
force  in  the  static  mode;  the  rotary  or  damping 
coefficients  are  obtained  explicitly  from  measure- 
ments of  the  quadrature  components  of  oscillatory 
force  in  the  pure  yawing  mode;  and  the  accelera- 
tion coefficients  are  obtained  explicitly  from 
measurements  of  the  in-phase  components  of  oscilla- 
tory force  in  the  pure  sideswaying  and  pure  yawing 
modes. 

The  various  modes  of  motion  shown  by  Figure  1 
are  imparted  to  a surface-ship  model  by  means  of 
the  forced-motion  mechanism  of  a PMM  System  in  con- 
junction with  a towing  carriage  operating  at  a 
steady  speed  over  a straightline  basin.  Although 
the  precise  methods  of  generating  these  motions 
vary  with  the  particular  design  of  PMM,  they  can  be 
generally  classified  into  one  of  two  concepts.  The 
so-called  conventional  PMM,  typified  by  the  orig- 
inal HSMB  Horizontal  PMM  described  in  detail  in 
Reference  5,  employs  "two-struts"  (or  pistons) 
commonly  driven  through  a phase-changer  to  support 
the  model  and  to  generate  the  desired  oscillatory 
modes.  In  essence,  pure  swaying  is  obtained  by 
laterally  oscillating  the  two  struts  (spaced  equi- 
distant from  the  reference  point)  in  phase  with 
each  other;  pure  yawing  is  obtained  by  laterally 
oscillating  the  two  struts  with  a predetermined 
phase  angle  between  them  based  on  oscillation  fre- 
quency, carriage  speed  and  strut  spacing.  The 
large  amplitude  PMM,  typified  by  the  SL  design 
(Ref.  8)  and  the  new  HSMB  LAHPMM,  generates  the 
desired  oscillatory  modes  by  combined  lateral  and 
angular  (yawing)  motions  about  a central  model 
support  arrangement.  The  precise  methods  for  gen- 
erating the  pure  swaying  and  pure  yawing  modes  with 
the  HSMB  LAHPMM  are  given  later  in  connection  with 
the  description  of  the  test  apparatus  and 
procedures. 

The  general  trend  for  surface  ships  is  toward 
the  use  of  the  large  amplitude  PMM  rather  than  the 
conventional  PMM.  This  is  particularly  true  where 
detailed  computer  simulation  studies  involving  ex- 
treme maneuvers  are  contemplated,  as  well  as  for 
other  reasons  discussed  in  the  following  paragraphs. 
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It  should  be  emphasized,  however,  that  the  major 
differences  between  the  conventional  and  large- 
amplitude  systems  are  in  the  methods  for  generating 
the  oscillatory  motions,  and  the  range  covered,  pri- 
marily as  applied  to  the  pure  yawing  mode.  Other- 
wise, the  test  procedures,  instrumentation,  and  data 
reduction  methods  are  essentially  the  same  for  both 
types.  Therefore,  the  existing  conventional  PMM 
Systems  can  still  provide  a valuable  service  insofar 
as  many  naval  and  merchant  surface-ship  maneuver- 
ability problems  are  concerned.  For  example,  such 
PMM  Systems  can  be  used  very  effectively  in  early 
design  studies  and  also  to  provide  all  of  the  nec- 
essary input  for  computer  simulation  studies  of  a 
wide  variety  of  maneuvers  of  interest  (see  Table  1). 

The  large  amplitude  PMM  was  originally  conceived 
as  a means  for  covering,  in  a single  device,  the 
entire  range  of  kinematic  variables  necessary  to 
perform  computer  simulation  studies  of  the  most 
extreme  turning  maneuvers  known  to  be  characteristic 
of  large  unstable  tanker  types  (without  reliance  on 
supplementary  estimates  or  rotating-arm  tests). 

This,  of  course,  would  effect  significant  savings 
in  model  testing  and  would  be  especially  beneficial 
to  laboratories  equipped  only  with  straightline 
towing  tank  facilities.  Of  equal  importance,  is 
that  the  concept  offers  a means  for  circumventing 
certain  problems  involved  in  PMM  testing  of  even 
the  standard  large  surface-ship  models  used  at  HSMB. 
Among  these  are  problems  related  to  the  free  sur- 
face and  Froude  scaling;  matters  that  were  of  little 
concern  to  PMM  testing  of  submarine  models.  For 
example,  in  PMM  tests  of  a given  surface-ship  model, 
the  only  means  of  increasing  the  nondimens ional 
yawing  velocity  r'  = rL/U  are  by  increasing  oscil- 
lation frequency  or  amplitude  or  a combination  of 
both,  since  the  model  speed  is  fixed  by  the  require- 
ment of  Froude  law  correspondency.  Within  the  ca- 
pacity of  a given  PMM  system,  there  is  a limit  to 
the  extent  that  frequency  alone  can  be  validly  in- 
creased. This  is  due  to  the  fact  that  the  oscilla- 
ting model  acts  as  a wave  generator  which  can  lead 
to  towing  tank  resonance  (standing  waves)  and  other 
unwanted  free-surface  effects.  Furthermore,  the 
use  of  the  lowest  practical  frequency  in  conjunction 
with  the  largest  practical  amplitude  is  desirable 
since  the  resulting  motion  n.ore  closely  satisfies 
the  quasi  steady-state  assumption  of  the  basic  PMM 
System  as  well  as  being  a closer  approximation  of 
the  corresponding  motion  obtained  on  a rotating  arm 
facility.  In  view  of  the  foregoing,  the  following 
have  been  recommended  as  a means  for  avoiding  or 
minimizing  unwanted  effects  associated  with  PMM 
testing  of  surface-ship  models  (Ref.  9): 

1.  Tank  resonance  effects  - The  oscillation 
frequency  should  be  appreciably  less  than  0.30  cps 
(for  tanks  with  cross-sectional  dimensions  the  same 
as  HSMB). 

2.  Translatory  free-surface  wave  effects  gener- 
ated by  a pulsating  source  — The  value  of  ojL/U 
should  be  appreciably  less  than  1/4. 

3.  Unsteady  lift  or  memory  effects  - the  value 
of  toL/U  should  be  less  than  about  3. 

Taking  the  case  of  a 22-foot  model  of  a VLCC  at 
a speed  of  4 feet  per  second,  the  limiting  upper 
values  for  oscillation  frequency  would  be  0.32  and 
0.09  cps  based  on  the  criteria  of  Items  2 and  3, 
respectively.  It  is  felt  that  the  criterion  of 
Item  3 is  somew-  ~r  unrealistic.  This  is  based  on 
experience  with  PMM  tests  of  submarine  models  using 
considerably  higher  values  of  wL/U  than  3 without 
any  apparent  unsteady  lift  effects.  Aside  from  . 
satisfying  the  criteria  as  to  the  upper  frequency 
limit,  the  use  of  larger  amplitudes  has  the  advan- 
tage of  increasing  the  forces,  and  thereby  the  mea- 
surement accuracy,  at  frequencies  corresponding  to 


the  lower  values  of  r'. 

The  main  philosophy  which  forms  the  basis  of  most 
of  the  PMM  systems  developed  to  date  has  been  ex- 
pressed in  previous  papers  by  the  authors  and 
others.  In  view  of  recent  developments  including 
the  HSMB  LAHPMM  System,  it  appears  appropriate  to 
repeat  some  of  the  basic  reasoning  here.  It  should 
be  again  emphasized  that  the  original  PMM  system 
(Refs.  3,4,5)  was  conceived  and  developed  as  an 
engineering  tool,  namely  to  provide  all  of  the 
hydrodynamic  coefficients  required  for  detailed 
maneuverability  studies  of  marine  vehicles  by  the 
most  direct  and  efficient  means  from  a practical 
standpoint.  This  philosophy  has  prevailed  among 
those  PMM  facilities  which  have  been  most  success- 
fully applied  to  the  routine  solution  of  maneuver- 
ability problems  for  specific  submarine  and  surface- 
ship  designs.  The  growing  acceptance  of  such  PMM 
techniques  by  the  industry,  as  well  as  the  good 
correlation  demonstrated  between  associated  com- 
puter simulation  predictions  and  full-scale  trial 
data,  both  for  submarines  and  surface  ships,  are 
strong  testimonials  to  their  engineering  validity. 
Further  evidence  of  the  correlation  that  can  be  ex- 
pected for  surface  ships,  using  data  obtained  with 
the  HSMB  LAHPMM,  is  presented  in  a later  section. 

In  recent  years,  there  have  been  a number  of  papers 
authored  principally  by  mathematicians  and  re- 
searchers who  have  attempted  to  achieve  more 
scientific  rigor  in  the  underlying  logic  of  the  PMM 
system.  Also,  there  has  been  a tendency  on  the 
part  of  some  equipment  designers  to  incorporate 
more  and  more  eloquence  into  the  hardware  aspects 
of  the  overall  system  in  an  effort  to  enhance  its 
versatility.  Of  course,  any  significant  improve- 
ments in  accuracy  and  quality  of  end  results  aris- 
ing from  either  of  these  two  types  of  activities 
must  be  seriously  considered . However,  they  must 
be  carefully  weighed  against  the  likelihood  that 
the  costs  of  providing  equivalent  data  would  be 
raised  excessively  due  to  increases  in  costs  of  the 
initial  installation  as  well  as  those  due  to  the 
added  complexity  in  testing,  data  reduction,  and 
final  analysis.  This  would  be  unfortunate  since 
one  of  the  greatest  selling  points  of  those  PMM 
systems  in  active  service  is  that  the  costs  to  the 
customer  have  been  reduced  to  the  extent  that  they 
are  strongly  competitive  with  those  of  other  com- 
parable techniques  (see  next  section). 

COMPARISON  OF  EXPERIMENTAL  TECHNIQUES 

The  various  approaches  to  solution  of  problems  in 
the  field  of  dynamic  stability  and  control  used  in 
the  past  for  marine  vehicles  in  general  and  sub-, 
merged  bodies  in  particular  are  outlined  in  Refer- 
ence 10.  It  is  of  interest  herein  to  review  these 
approaches  specifically  for  the  case  of  displace- 
ment-type surface  ships  taking  into  account  the 
advances  in  technology  made  within  the  past  fifteen 
years.  Figure  2 is  a flow  diagram  which  shows 
those  approaches  that  are  still  being  applied  in 
varying  degrees  to  the  study  of  directional  sta- 
bility and  maneuverability  of  surface  ships.  As 
stated  earlier,  free-running  model  techniques  have 
become  well  established  over  the  years  since, 
except  as  noted  later,  they  provide  a direct  means 
for  evaluation  of  performance  of  specific  surface- 
ship  designs.  Such  techniques  range  in  sophistica- 
tion from  fairly  simple  tests  conducted  with 
cable-controlled  models  using  photographic  means 
for  tracking  to  tests  with  highly  instrumented 
radio-controlled  models  using  various  electronic 
means  for  tracking.  The  PMM  technique  (with  com- 
puter simulation),  used  so  successfully  for 
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submarines  (Ref.  2),  also  is  now  becoming  well 
established  for  treatment  of  surface  ships  and, 
because  of  its  versatility,  has  actually  supplanted 
the  use  of  free-running  models  in  some  laboratories 
both  abroad  (Refs.  9,10)  and  in  the  U.  S.  (Refs.  11, 
12).  Other  captive-model  techniques  in  common  us- 
age, but  which  individually  do  not  supply  all  of 
the  required  hydrodynamic  coefficients,  include 
rotating-arm,  straightline-yaw  or  oblique-tow,  and 
oscillator  tests  (Refs.  9,13,14).  Ideally,  the  use 
of  properly  conducted  full-scale  trials  is  perhaps 
the  most  direct  approach  toward  the  final  evalua- 
tion of  the  maneuvering  characteristics  of  a spe- 
cific ship.  As  a practical  matter,  however,  man- 
euvering trials  required  to  produce  data  necessary 
for  detailed  analysis  are  extremely  difficult  and 
expensive  to  conduct  and  are  therefore  rarely  per- 
formed for  commercial  ships.  Nevertheless,  it  is 
important  to  conduct  such  extensive  full-scale 
trials,  at  least  on  several  different  representa- 
tive ship  types,  to  fully  validate  and  establish 
the  confidence  level  that  can  be  placed  in  the  vari- 
ous alternative  model  prediction  techniques. 

Two  of  the  predictive  approaches  shown  in  Figure  2 
have  not  been  discussed  up  to  this  point  since  they 
are  not  considered  to  be  in  an  adequate  stage  of 
development  for  routine  use  for  design  or  evaluation 
purposes.  The  development  of  theoretically  based 
estimation  techniques  which  could  be  used  with  con- 
fidence to  accurately  determine  a complete  set  of 
hydrodynamic  coefficients  from  a set  of  ship  lines 
and  appendage  drawings  is  the  ultimate  goal  for 
investigators  in  the  field.  Obviously,  such  tech- 
niques would  effect  tremendous  savings  in  both  time 
and  money  since  they  would  permit  design  decisions 
and  complete  evaluations  of  performance  to  be  made 
without  resort  to  model  experiments  of  any  kind. 
Unfortunately,  the  existing  strictly  theoretical 
methods  are  relatively  rudimentary  and  generally  do 
not  take  cognizance  of  practical  features  of  ship 
design  such  as  size,  shape,  and  location  of  rudders 
or  skegs  as  >#ell  as  propeller  slipstream  effects, 
all  of  which  are  known  to  strongly  affect  maneuver- 
ing characteristics  of  ships.  Furthermore,  the 
establishment  of  the  necessary  empirical  relation- 
ships for  surface  ships  has  been  hampered  until 
recently  by  the  lack  of  reliable  experimental  data 
from  PMM  tests.  A substantial  step  in  this  direc- 
tion was  made  as  the  result  of  the  systematic 
series  PMM  data  of  Reference  12,  but  these  data  so 
far  are  directly  applicable  only  to  single-screw 
merchant  ship  types  of  relatively  full  form.  It 
should  be  mentioned,  however,  that  the  theoreti- 
cally and  empirically  based  estimation  techniques 
serve  a useful  purpose  in  the  overall  process. 

This  is  particularly  true  in  cases  where,  for  some 
reason,  the  PMM  tests  have  been  conducted  over  a 
range  insufficient  to  provide  all  of  the  necessary 
hydrodynamic  coefficients. 

The  so-called  systems  Identification  technique  is 
another  means  for  generating  the  values  of  the 
necessary  hydrodynamic  coefficients  which  has  re- 
ceived considerable  attention  during  the  past 
several  years.  This  approach  utilizes  trajectory 
measurements  made  during  either  free-running  model 
tests  or  full-scale  trials  in  conjunction  with  an 
assumed  form  of  the  equations  of  motion  to  identify 
and  hopefully  quantify  both  the  linear  and  non- 
linear coefficients.  The  method  has  been  applied 
to  the  surface-ship  case  with  a fair  amount  of 
success  by  comparing  numerical  values  of  coeffi- 
cients derived  from  computer  simulated  trajectories 
with  those  of  the  input  coefficients  originally  de- 
rived from  PMM  tests.  However,  error  analyses  per- 
formed to  date  seem  to  indicate  that,  without  prior 
knowledge  of  any  of  the  coefficient  values,  the 


real  full-scale  or  model  trajectories  must  be  mea- 
sured with  much  greater  accuracy  than  is  obtainable 
within  the  foreseeable  state  of  the  art  in  measure- 
ment instrumentation.  Assuming  that  these  problems 
eventually  can  be  overcome,  the  systems  identifica- 
tion technique  will  still  require  a free-running 
model  test  of  limited  scope,  with  some  of  its 
attendant  disadvantages,  if  it  is  to  be  used  for 
prediction  purposes  in  the  design  stage.  The  tech- 
nique applied  to  proper  full-scale  trial  trajectory 
data  could  be  useful  in  a variety  of  ways  including 
correlation  studies  based  on  direct  comparisons  with 
the  hydrodynamic  coefficients  obtained  from  PMM 
tests.  It  is  doubtful,  however,  whether  full-scale 
trials  of  the  required  caliber,  will  be  performed 
in  the  forseeable  future  because  of  the  expense  in- 
volved both  with  the  necessary  precision  instrumen- 
tation and  in  obtaining  the  required  controlled 
trial  conditions.  It  should  be  mentioned,  however, 
that  proponents  of  the  technique  claim  that  pre- 
cision instrumentation  requirements  can  be  avoided 
by  the  use  of  special  data  processing  techniques 
such  as  that  known  as  Kalman  filtering. 

Table  1 compares  the  advantages  and  disadvantages 
of  the  two  main  experimentally  based  predictive 
techniques  now  used  regularly  by  major  laboratories 
to  evaluate  maneuverability  characteristics  of  spe- 
cific surface  ships  for  commercial  or  governmental 
clients.  The  comparison  assumes  that  the  large 
model  available  from  propulsion  tests  is  used  in 
both  the  free-running-model  and  PMM  tests.  This  is 
done  to  put  both  techniques  on  even  par  Insofar  as 
model  construction  costs  and  certain  scale  effect 
problems  are  concerned.  Also,  some  of  the  state- 
ments made  with  regard  to  costs  are  based  on  current 
experience  in  the  U.  S. , although  it  is  believed 
that  they  apply  in  a relative  sense  to  costs  in 
Europe  and  Japan  as  well.  It  may  be  noted  that  the 
PMM  tests  are  carried  out  with  respect  to  the  ship 
propulsion  point  whereas  the  free-running  model 
tests  are  conducted  at  model  propulsion  point.  This 
is  an  important  technical  advantage  of  the  PMM  tech- 
nique since  the  inherent  directional  stability  and 
control  effectiveness  of  most  commercial  ship  types 
are  both  strongly  influenced  by  the  action  of  the 
propeller  slipstream  over  the  rudder.  For  example, 
due  mainly  to  differences  in  frictional  resistance 
coefficient,  the  propeller  loading  coefficient  of 
even  a large  free-running  model  may  be  as  much  as 
twice  that  of  its  full-scale  counterpart  in  the  case 
of  large  full-form  single-screw  merchant  ships. 
Originally  the  PMM  technique  was  considered  to  be 
too  expensive  to  warrant  its  use  for  routine  evalu- 
ation of  the  maneuvering  characteristics  of  specific 
surface-ship  designs.  This  is  believed  to  be  no 
longer  the  case  due  to  recent  developments  in  in- 
strumentation and  technology.  In  fact,  for  a typi- 
cal evaluation  program  based  on  the  use  of  defini- 
tive maneuvers  which  includes  the  model  tests,  data 
reduction,  analysis,  and  report,  the  total  cost  is 
now  nearly  the  same  for  either  the  PMM  or  free- 
running  model  technique.  In  view  of  the  other 
benefits  shown  in  Table  1,  the  PMM  technique  appears 
to  be  more  advantageous  from  the  economical  as  well 
as  the  technical  standpoint.  It  may  be  expected, 
therefore,  that  the  PMM  technique  will  eventually 
become  the  primary  methodology  used  by  most  labora- 
tories to  evaluate  the  maneuverability  character- 
istics of  surface  ships. 

THE  HSMB  LAHPMM  SYSTEM 

The  HSMB  LAHPMM  System,  like  its  predecessor  PMM 
Systems  at  NSRDC  and  HSMB  is  a complete  system  which 
embraces  all  mechanical,  electrical,  and  electronic 
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TABLE  1 


COMPARISON  OF  EXPERIMENTAL  TECHNIQUES  FOR  SURFACE-SHIP 
MANEUVERABILITY  STUDIES 

(a)  Free-Running  Model  Technique 
Advantages 

1.  Provides  a direct  evaluation  of  inherent  directional  stability  and  maneuverability  characteristics  of 
specific  designs  well  in  advance  of  construction. 

2.  Provides  a means  for  investigating  the  overall  consequences  of  proposed  design  changes. 

3.  Can  be  economical  and  expedient  especially  when  simple  cable-controlled  models  are  used  and  only  one 
design  is  evaluated. 

4.  Can  be  used  for  extreme  maneuvers  to  validate  computer  simulation  techniques. 

Disadvantages 

1.  Does  not  provide  data  which  can  be  directly  related  to  the  separate  design  of  hull  and  individual 
appendages. 

2.  Does  not  directly  provide  data  to  support  design  changes  to  effect  improvements  in  performance. 

3.  Dynamic  scaling  of  model  is  necessary  which  may  require  additional  tests  when  inertial  characteristics 
(mass,  moments  of  inertia,  and  metacentric  heights)  are  changed. 

4.  May  not  accurately  simulate  maneuvering  characteristics  of  full-scale  ship  due  to  differences  in  pro- 
peller loading  and  failure  to  account  for  other  possible  scale  effects. 

5.  Requires  the  use  of  large  and  expensive  maneuvering  basin  facilities. 

6.  Can  be  expensive  if  tests  are  conducted  with  more  sophisticated  radio-controlled  model  systems. 

7.  Can  be  expensive  and/or  inefficient  for  investigating  effects  of  shallow  water  or  other  environmental 
factors  on  ship  maneuverability. 

(b)  PMM  Technique  (with  Computer  Simulation) 

1.  Provides  basic  data  related  to  the  separate  effects  of  hull  and  appendages  which  can  be  used  to  study 
effects  of  design  variations  on  specific  ships  and  is  also  a powerful  tool  for  performing  research  or 
systematic  series  investigations. 

2.  Provides  basic  data  which  can  be  used  in  conjunction  with  linearized  equations  to  analyze  inherent 
directional  stability  and  control  effectiveness  of  candidate  designs  in  the  early  design  stage. 

3.  Provides  basic  data  which  can  be  directly  utilized  in  the  design  of  automatic  control  systems. 

4.  Provides  the  numerical  values  for  the  complete  set  of  hydrodynamic  coefficients  enabling  formulation 

of  mathematical  model  for  computer  simulation  of  all  types  of  ship  maneuvers. 

5.  Data  are  perpetuated  since  hydrodynamic  coefficients  are  independent  of  inertial  characteristics. 

6.  Data  can  be  utilized  to  study  effects  of  design  changes  without  the  need  for  additional  model  tests. 

7.  Tests  are  performed  in  a conventional  straightline  towing  basin  thus  eliminating  the  need  for  large, 

expensive  maneuvering  basins  or  other  special  purpose  facilities. 

8.  Tests  are  relatively  economical  to  conduct  since  the  same  large  model  constructed  for  propulsion  tests 
can  be  used  and  dynamic  scaling  of  model  is  not  necessary. 

9.  Data  are  more  representative  of  the  full-scale  ship  since  tests  are  conducted  with  respect  to  ship- 
propulsion  point  and  corrections  can  be  made  if  required  to  account  for  known  scale  effects. 

10.  Tests  to  provide  mathematical  model  representing  shallow-water  and  other  environmental  effects  are 
relatively  economical  to  conduct. 

11.  Basic  mathematical  model  can  be  used  in  computer  simulation  studies  of  definitive  maneuvers  to  evalu- 
ate inherent  performance  and  thus  provide  a basis  for  establishing  handling  quality  criteria  for 
existing  and  future  ship  types. 

12.  Mathematical  model (s)  are  essential  to  the  operation  of  research  simulators,  such  as  the  MARAD  CAORF 
Simulator,  and  can  be  used  for  a wide  variety  of  both  open-  and  closed-loop  studies  involving  manual 
or  automatic  control  including  human  engineering  studies  and  studies  of  overall  performance  of  various 
combined  systems. 

13.  Mathematical  models  in  conjunction  with  real  time  simulation  facilities  can  be  used  to  train  opera- 
tional personnel. 

14.  Mathematical  models  can  be  directly  used  for  ship  predictor  or  other  semi-automatic  control  systems. 

Disadvantages 

1.  Data  from  tests  are  one  step  removed  from  directly  indicating  all  of  the  handling  qualities. 

2.  Method  may  become  less  economical  where  a limited  evaluation  or  proof-testing  of  one  specific  design 
is  all  that  is  desired. 
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components  necessary  to  perform  all  functions 
associated  with  PMM  testing  ranging  from  model 
handling  to  finalized  processing  of  data  prepara- 
tory to  analysis.  A schematic  of  the  overall  sys- 
tem is  given  in  Figure  3.  A unique  feature  of  this 
system  is  the  integrated  towing  and  instrumentation 
arrangement  which  permits  the  conduct  of  calm-water 
resistance,  propulsion,  and  PMM  tests  in  uninter- 
rupted sequence  without  the  requirement  of  separate 
rigging  and  program.  This  feature  should  result  in 
improved  testing  efficiency  and  substantial  cost 
saving  particularly  in  design  development  investi- 
gations of  a routine  nature.  A detailed  descript- 
ion of  the  HSMB  LAHPMM  System  and  its  application 
is  given  in  the  following  paragraphs. 

Integrated  Towing  System 

A schematic  plan  and  elevation  views  are  pre- 
sented in  Figure  4 showing  the  forced-motion 
mechanism,  towing  arrangement  and  dynamometry 
associated  with  the  overall  HSMB  Integrated  Surface- 
Ship  Towing  System.  As  may-  be  seen  in  Figure  4, 
the  forced  motions  of  the  LAHPMM  are  produced  by 
means  of  a swaying  carriage  assembly  which  incor- 
porates a device  for  setting  drift  angles  and 
provides  a support  for  the  yawing  table  and  drive 
system.  Photographs  of  the  LAHPMM  with  the  MARINER 
model  attached  are  given  in  Figure  5. 

Drift  Angle  Apparatus  - The  drift-angle-setting 
arm  is  fastened  directly  to  the  yawing  tube  as 
shown  in  Figures  4a  and  4b.  The  drift  angles  can 
be  set  manually  (with  model  at  rest)  by  means  of 
a spring-loaded  locking  pin.  The  settings  are  in 
two-degree  increments  and  cover  a range  of  +30  de- 
grees. This  method  of  setting  drift  angle  is  used 
generally  for  coupling  tests  which  involve  pure 
yawing  motion  with  a constant  drift  angle  super- 
imposed as  shown  in  Figure  Id. 

For  the  static  mode  (Figure  la),  the  drift  angle 
can  be  set  remotely  with  the  model  underway  by 
means  of  the  yaw  servo  motor  and  use  of  the  drift 
angle  selector  switch  housed  in  the  LAHPMM  Control 
unit  shown  in  Figure  3 and  described  in  detail  in 
a subsequent  section.  Increments  of  two  degrees 
over  a range  of  +30  degrees  can  be  set  in  the 
automatic  mode. 

Swaying  Apparatus  - The  Swaying  Carriage  is  shown 
in  Figures  4b  and  5b.  The  carriage  moves  hori- 
zontally in  a direction  perpendicular  to  the  basin 
centerline  along  a set  of  four  linear-ball-bearing 
rails  mounted  on  a portable  support  frame  which  is 
rigidly  clamped  to  the  towing  carriage.  A strong- 
back attached  to  the  yawing  tube  provides  the  means 
for  connecting  the  swaying  carriage  through  the 
bearing  and  gage  assemblies  to  the  model.  In  this 
manner,  the  strongback  is  always  aligned  with  the 
centerline  of  the  model  in  all  modes  of  motion. 

For  the  pure  swaying  mode  (Figure  lb),  the  swaying 
carriage  system  is  operated  with  the  yawing  tube 
system  locked  at  zero  setting.  As  shown  in  Fig- 
ures 4b,  5b,  and  6,  the  swaying  carriage  is  driven 
laterally  by  means  of  a servo-motor-driven-ball- 
bearing  jack  screw  system.  Sinusoidal  motions  can 
be  produced  which  cover  the  following  continuous 
ranges:  frequencies  of  from  about  0.01  to  0.30 
Hertz  and  linear  (single)  amplitudes  up  to  3.3 
feet.  These  maximum  amplitudes  and  frequencies  are 
defined  for  the  system  when  used  in  combination 
with  a model  having  a mass  of  600  slugs. 

Yawing  Apparatus  - The  Yawing  Apparatus,  shown  in 
Figures  4 and  5,  consists  of  a servo-motor,  gear 
reducer,  and  pinion-bull  gear-drive  system.  The 
large  bull  gear  is  attached  to  the  yawing  tube  by 
means  of  the  manual  drift  angle  setting  and  lockout 


unit.  The  yawing  tube  is  supported  by  ball  bearings 
in  the  swaying  carriage  and  the  PMM  strongback  is 
attached  directly  to  the  tube. 

For  the  pure  yawing  mode,  the  yawing  tube  is  oper- 
ated simultaneously  at  fequal  frequency  with  the 
swaying  carriage,  but  with  a 90-degree  phase  lag; 
the  yawing  amplitude  setting  is  determined  directly 
as  a function  of  the  swaying  amplitude  and  carriage 
speed.  The  net  result  is  to  produce  a motion  where- 
by the  model  centerline  is  always  tangent  to  the 
path  (see  Figure  1c) . For  coupling  tests,  the  sys- 
tem is  operated  with  a constant  drift-angle  setting 
superimposed  (see  Figure  Id) . 

Sinusoidal  motions  can  be  produced  with  this  system 
which  cover  the  following  continuous  ranges:  fre- 
quencies of  about  0.01  to  0.30  Hertz;  angular 
(single)  amplitudes  of  up  to  30  degrees;  and  angular 
amplitudes  coupling  with  drift  angles  of  up  to  +30 
degrees.  These  maximum  amplitudes  and  frequencies 
are  defined  for  the  system  when  used  in  combination 
with  a model  having  a mass  of  600  slugs  and  a moment 
of  inertia  of  20,000  slug-ft2. 

Servo  Motor  Control  System  - The  overall  control 
system  for  the  LAHPMM  is  shown  in  Figure  3.  The 
sway  and  yaw  d.c.  servo  motors  are  controlled  by  a 
power  amplifier  which  is  a three-phase,  half-wave, 
bi-directional,  regenerative  SCR  amplifier  with  a 
current  feedback.  The  two-axis  controller  is  shown 
in  Figure  7.  This  controller  also  contains  the 
overload  and  limit  switch  protective  circuits  as 
well  as  the  control  amplifiers  which  provide  the 
position  and  rate-feedback  loop  controls. 

The  system  control  center  is  contained  in  the  LAHPMM 
Control  Unit  shown  in  Figures  3 and  8.  The  control 
unit  provides  the  means  for  setting  the  yawing  and/ 
or  swaying  amplitudes;  the  frequency;  the  drift 
angle;  lateral  position  of  swaying  carriage;  on-off 
controls  for  servo  motors;  and  servo  motor  brakes. 

It  also  provides  command  and  feedback  signal  ampli- 
tude for  yawing  and  swaying;  and  provides  a digital 
panel  meter  which  selectively  displays  drift  angle, 
yawing  and  swaying  amplitudes.  The  servo  drive  of 
the  function  generator  and  resolver  shown  in  Fig- 
ures 3 and  9 is  also  controlled  by  the  LAHPMM  Con- 
trol Unit.  The  servo  motor  shown  in  Figure  7 is 
connected  to  a single  cup  sine-cosine  potentiometer 
which  provides  the  sinusoidal  command  signals,  with 
the  required  90-degree  phase  relationship,  to  con- 
trol the  swaying  and  yawing  motions.  In  addition, 
the  single  cup  sine-cosine  potentiometer  is  attached 
to  a multi-ganged  sine-cosine  potentiometer  which 
acts  as  a force  component  resolver  as  described  in 
Ref.  (15)  and  Appendix  C.  The  phase  angle  of  the 
multi-ganged  sine-cosine  potentiometer  assembly  can 
be  set  manually  with  respect  to  the  command  sine- 
cosine  potentiometer  by  means  of  a precision  gear 
box  shown~in  Figure  9.  This  capability  is  neces- 
sary to  account  for  the  phase  lag  between  the 
command  signals  and  motions  of  the  system  in  sway 
and  yaw.  The  phase  lag  is  determined  by  processing 
the  LAHPMM  feedback  signals  through  the  resolver 
system.  The  phase  lag  which  varies  linearly  with 
frequency,  is  the  same  for  the  yawing  and  swaying 
modes  (gains  of  control  amplifiers  are  chosen  to 
satisfy  this  condition).  The  phase  lag  has  been 
calibrated  and  demonstrated  to  be  independent  of 
inertia  and  therefore  independent  of  model  size 
within  the  design  range. 

Model  Attachment  System  - The  towing  system,  along 
with  all  of  the  rest  of  the  mechanical  components 
the  LAHPMM,  is  designed  to  provide  a high  degree  of 
rigidity  in  all  pertinent  directions  to  accommodate 
testing  of  large  surface-ship  models  ranging  in 
length  from  15  to  30  feet  with  weights  up  to  10,000 
pounds.  This  is  accomplished  by  using  a compact  but 
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rugged  heave,  yaw  and  pitch  bearing  assembly  to 
join  the  strongback  to  the  gage  assembly  at  each 
of  the  two  locations  in  the  model  as  shown  in  Fig- 
ures 4 and  10.  The  arrangement  allows  the  model 
to  be  free  in  heave  and  pitch  while  providing 
stiff  restraint  to  lateral  force  Y,  yawing  moment 
N,  and  longitudinal  force  X.  An  added  feature  is 
the  pneumatically  controlled  lockout  device  shown 
in  Figures  11  and  4 which  is  used  to  unload  the 
gages  while  bringing  the  model  up  to  steady  speed, 
principally  in  resistance  and  propulsion  tests  of 
very  heavy  models. 

For  PMM  tests  of  surface  displacement  ship  models, 
the  towposts  are  clamped  directly  to  the  PMM 
strongback  so  that  the  Xi  (PMM),  X2  (PMM),  Yi  , Y2 
gages  and  yaw  bearings  or  gimbals  are  used  in  this 
mode  (see  Figure  4b).  The  base  plates  of  the  two 
gage  assemblies  are  mounted  in  the  model  so  that 
the  gimbal  centers  are  aligned  and  equidistant 
from  the  reference  point  or  longitudinal  center  of 
gravity  LCG  location.  In  the  case  of  surface-ship 
models  which  are  buoyant  and  free  to  trim,  the 
LCC  or  reference  point  is  the  same  for  both  model 
and  prototype  ship.  Since  the  gages  move  with  the 
model,  they  measure  lateral  force  Y and  longitudi- 
nal force  X components  with  respect  to  a body  axis 
system  (origin  at  model  CG) , as  opposed  to  the 
lift- drag  components  associated  with  the  fixed- 
axis  system.  With  the  LAHPMM  gage  arrangement 
shown  in  Figure  4,  the  total  Y-force  exerted  on 
the  model  is  experienced  as  a pure  reaction  at  each 
of  the  gimbal  centers;  the  moment  about  each  of 
these  centers  is  zero.  Thus  the  total  Y-force  is 
equal  to  the  vector  sum  of  the  forces  measured  by 
the  Y!  and  Y2  gages  and,  because  of  symmetry,  the 
yawing  moment  N is  equal  to  the  vector  difference 
between  the  Yj-  and  Y2-forces  times  the  distance 
from  one  gimbal  center  to  the  CG.  Similarly,  the 
vector  sum  of  the  pure  reaction  forces  measured  by 
the  Xt  (PMM)  and  X2  (PMM)  gages  is  equal  to  the 
total  X-force,  but  since  the  reaction  X-forces  are 
aligned  with  the  longitudinal  axis,  there  is  no 
contribution  to  the  yawing  moment.  Also  because 
of  the  dogleg  in  the  after  assembly,  the  X2  (PMM) 
reading  is  ideally  expected  to  be  equal  to  zero. 

For  resistance  and  propulsion  tests,  the  Xi  and  X2 
gages  shown  in  the  cutout  of  the  strongback  in 
Figure  4b  are  used  for  measurement  in  lieu  of  those 
used  in  the  PMM  test.  With  the  model  set  at  zero 
yaw  angle,  these  gages  truly  measure  drag  or  re- 
sistance rather  than  longitudinal  force  since  the 
strongback  always  remains  level. 

Pynamome try  - All  of  the  force  gages  shown  by  Fig- 
ures 4 and  10  are  the  standard  4-inch  variable- 
reluctance  block  gages  used  at  NSRDC  and  HSMB  in 
various  force  measurement  systems  and  described 
in  detail  in  References  (3),  (4),  (5),  and  (15). 
Briefly,  the  individual  block  gage  is  a cube- 
shaped flexure  box  machined  from  a solid  block  of 
17-4pH  stainless  steel,  a material  selected  for 
its  practically  zero  mechanical  hysteresis  as  well 
as  its  corrosion  resistant  properties.  Each  gage 
is  sensitive  to  only  a single  component  of  force 
exerted  in  a direction  normal  to  the  flexural  face 
of  the  cube;  interaction  effects  from  other  force 
or  moment  components  are  practically  nil.  The 
relative  movement  of  the  flexures  between  the  top 
and  bottom  ends  of  the  gage  attached  to  the  towing 
carriage  and  model,  respectively,  is  sensed  by  a 
specially  designed  variable-reluctance  transducer. 
The  measurement  range  of  an  individual  block  gage 
is  governed  by  its  spring  constant  or  thickness  of 
its  flexures.  For  standard  LAHPMM  tests  on  large 
surface-ship  models,  the  Y-gages  are  usually  rated 
for  a range  of  250  pounds  with  a sensitivity  of 


50  counts  per  pound,  and  the  X-gages  are  rated  for 
a range  of  50  pounds  with  a sensitivity  of  100 
counts  per  pound.  The  X-gages  used  for  resistance 
tests  also  have  a sensitivity  of  100  counts  per 
pound . 

The  propulsion  dynamometer  shown  by  Figures  4b  and 
5a  is  the  variable-reluctance  transmission  type 
used  at  HSMB.  The  principles  of  operation  of  this 
type  of  dynamometer  are  described  in  detail  in  Ref. 
(16).  The  standard  transmission  dynamometer  used 
for  surface-ship  model  tests  at  HSMB  has  a measure- 
ment range  of  up  to  40  pounds  thrust  and  up  to  40- 
inch-pounds  torque;  it  is  usually  operated  at  sen- 
sitivities of  100  counts  per  pound  and  50  counts 
per  inch-pound,  respectively.  Since  the  dynamomet- 
er is  designed  to  operate  in  water,  it  is  installed 
in  a water-filled  case.  This  eliminates  the  need 
for  shaft  seals  which  tend  to  increase  "no-load" 
torques  and  perhaps  results  in  erratic  "no-load" 
thrusts.  Although  the  dynamometer  is  normally 
used  in  propulsion  tests,  it  remains  in  place  and 
can  be  used  to  take  measurements  of  propeller 
torque  and  thrust  corresponding  to  the  various 
modes  of  motion  that  eventually  will  be  simulated. 

Shallow  Water  Apparatus 

There  is  a growing  interest  regarding  the  maneuver- 
ing characteristics,  particularly  of  large  ships, 
operating  in  shallow  water  and  restricted  channels. 
Accordingly,  the  LAHPMM  has  been  provided  with 
additional  equipment  to  facilitate  shallow  water 
testing.  The  arrangement  used  for  these  tests  is 
shown  in  Figure  12.  The  entire  system  is  attached 
to  the  HSMB  Carriage  vertical  rails  which  allows 
for  vertical  adjustment  of  the  system  with  changes 
in  water  depth. 

Data  Acquisition  and  Processing  System 

An  integral  part  of  the  basic  system  is  the  means 
used  to  process  and  record  the  data  transmitted 
from  the  force  gages,  dynamometers,  and  other  trans- 
ducers. The  HSMB  Data  Acquisition  System  shown  in 
Figures  3 and  13  is  described  in  detail  in  Refs. 

(7)  and  (15).  The  system  is  of  modular  design  with 
each  channel  being  separate  and  interchangeable  in 
all  respects.  Each  channel  is  designed  to  operate 
in  either  the  static  or  dynamic  modes.  In  the 
static  mode,  the  gage  signal  is  processed  through 
a signal  conditioner  unit  (SCU)  and  the  output  is 
fed  directly  into  an  integrating  digital  voltmeter 
(IDVM)  to  obtain  a single  value  integrated  over  a 
fixed  time  base.  In  the  dynamic  mode,  the  "sinu- 
soidal" output  signal  from  the  SCU  is  fed  across  a 
sin-cos  potentiometer  into  a force  component  sepa- 
rator (FCS)  which  resolves  the  signal  into  in-phase 
and  quadrature  components.  The  output  of  the  FCS 
is  then  fed  into  the  IDVM  and  integrated  over  a 
discrete  number  of  cycles  to  obtain  a single  read- 
ing for  each  component  (see  Appendix  C) . The  out- 
put of  the  IDVMs  for  all  channels  are  scanned  and 
then  transmitted  via  the  digital  computer  to  a 
printer  which  records  the  processed  data  upon 
command.  The  on-site  Data  General  NOVA  2 digital 
computer  (24K  capacity)  provides  the  capability 
for  storing  data  on  disc  as  well  as  automatically 
reducing  the  data  to  nondimensional  form  on  a run 
by  run  basis.  In  this  manner,  values  of  EHP  and 
SHP  as  well  as  the  dynamic  stability  indices,  which 
might  alter  the  course  of  the  test  program,  can  be 
obtained  immediately  following  a given  set  of  re- 
lated runs.  As  an  optional  technique,  the  computer 
can  be  used  to  resolve  the  sinusoidal  output  sig- 
nals of  the  force  gages,  obtained  during  the  LAHPMM 
tests,  into  in-phase  and  quadrature  components. 

It  should  be  noted,  that  for  the  pure-yawing  mode 
shown  in  Figure  4,  the  resultant  model  velocity 
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varies  with  yaw  angle.  The  NOVA-2  on-site  computer 
has  been  programmed  to  take  into  account  the  veloc- 
ity variation  during  the  data  reduction  phase.  This 
is  the  same  approach  and  technique  that  has  been 
followed  successfully  by  SL  in  Denmark  for  the  past 
four  years.  It  is  believed  that  accounting  for  the 
model  velocity  variation  by  this  method  produces 
more  accurate  and  more  reliable  results  than  could 
be  obtained  by  using  a "Ax"  carriage.  In  addition, 
it  is  difficult  to  justify  the  additional  cost  and 
complexity  of  a third  electro-mechanical-servo- 
controlled  "Ax"  carriage  to  account  for  the  one  or 
two  percent  correction.  Also,  the  addition  of  a 
"Ax"  carriage  can  reduce  system  stiffness  and  in- 
troduces the  added  complexity  of  requiring  that  the 
system  motions  be  controlled  entirely  by  a computer. 
Such  added  complexity  could  introduce  errors  which 
exceed  the  magnitude  of  the  correction. 

TEST  PROCEDURES 

As  mentioned  previously,  the  integrated  towing 
feature  of  the  HSMB  LAHPMM  System  permits  the  con- 
duct of  calm-water  resistance,  propulsion,  and  PMM 
tests  of  large  surface-ship  models  in  uninterrupted 
sequence  without  the  requirement  of  separate  rig- 
ging. Prior  to  conducting  a formal  series  of  such 
tests,  a deadweight  calibration  is  made  on  a test 
stand  to  establish  the  sensitivity  setting  and 
electrical  "cal-step"  for  each  individual  block 
gage  and  propulsion  dynamometer  component  required 
to  produce  the  desired  measurements.  The  model 
(fully  equipped  as  shown  in  Figure  4)  is  then 
carefully  ballasted  to  obtain  the  predetermined 
displacement  and  trim  which  results  in  the  LCG  or 
reference  point  for  the  model  being  nondimension- 
ally  the  same  as  that  of  the  ship.  In  addition  for 
the  PMM  tests,  the  model  is  either  swung  in  air  by 
means  of  a bifilar  pendulum  device  or  yaw  oscillated 
by  means  of  the  PMM  to  obtain  its  yaw  moment  of 
inertia  I . This  step  can  be  deferred  until  after 
the  tests  are  completed  since  the  model  value  of  1 
is  arbitrary  and  is  taken  out  as  a tare  when  the 
data  are  finally  processed.  The  specific  procedures 
and  programs  used  for  each  type  of  test  involved  in 
a typical  performance  evaluation  study  of  a proposed 
or  existing  ship  design  are  separately  described  in 
the  following  sections. 

Resistance  and  Propulsion  Tests 

Standard  procedures  have  been  developed  for  con- 
ducting resistance  and  propulsion  tests  in  HSMB  on 
large  ship  models  (18  to  27  feet  in  length).  These 
procedures  are  in  general  accordance  with  the 
recommendations  of  the  ITTC  (Ref.  17)  and  are  de- 
signed to  take  advantage  of  improvements  in  mea- 
surement techniques  developed  specifically  for 
testing  of  large  full-bodied  ship  models.  As  a 
matter  of  standard  practice,  all  tests  are  conducted 
with  the  model  equipped  with  appropriately  located 
turbulence  stimulation  studs.  Selected  resistance 
tests  are  also  made  with  studs  removed  to  ascertain 
whether  a correction  is  necessary  to  account  for 
parasitic  drag  of  the  studs  exclusive  of  their 
turbulence  stimulation  effect. 

The  procedure  followed  in  each  resistance-test  run 
using  the  integrated  towing  arrangement  of  Figure  4 
is  as  follows! 

1.  Set  towing  carriage  jacks  to  up  position  to 
unload  pneumatic  tires;  release  pneumatic  model 
lockout  device  using  solenoid  operated  valve  sys- 
tem; initially  zero  the  Xi-  and  X2-gage  readings 
using  10-second  period  on  the  integrating  digital 
voltmeter  (IDVM)  - in  general  no  further  zero  ad- 
justment is  made  throughout  a given  test  condition; 
and  take  30-second  integration  on  IDVM  and  record 


zero  reading  on  typewriter  and  the  carriage  digital 
computer  before  the  start  of  each  run. 

2.  Lower  jacks  and  accelerate  carriage  (at  a 
very  slow  rate  for  large  full-bodied  models)  with 
model  lockout  device  engaged.  When  constant  pre- 
determined speed  is  reached,  disengage  model  Lock- 
out device  using  the  solenoid  operated  valve  sys- 
tem; and  turn  on  the  IDVM's,  timer  control  unit,  and 
carriage  speed  unit. 

3.  After  a discrete  integration  period  has 
elapsed  (at  least  30-seconds  for  large  full-bodied 
models),  turn  to  the  switch  position  that  stores 
the  readings  in  the  IDVM's,  timer  control  unit, 
and  carriage  speed  unit  and  transfer  these  readings 
through  the  typewriter  to  the  carriage  digital 
computer.  Engage  the  model  lockout  device  and  de- 
celerate carriage  to  a stop. 

4.  Return  carriage  slowly  to  starting  end  of 
the  basin  and  maintain  and  monitor  a running  plot 
of  resistance  or  resistance  coefficient  versus 
speed  or  Froude  number  using  the  data  recorded  by 
the  line  printer  (see  Figure  3). 

5.  After  a 10-minutes  wait  between  the  start  of 
each  run,  repeat  Steps  1 through  4 for  the  next  run. 

Two  basic  methods  of  conducting  propulsion  tests 
are  used  for  each  model.  The  first  is  the  stand- 
ard method  used  in  the  United  States  for  evaluating 
the  propulsion  characteristics  of  specific  surface- 
ship  designs.  The  method  consists  in  propelling 
the  model  at  full-scale  "ship  propulsion  point"  at 
each  of  several  speeds  covering  the  design  range 
scaled  in  accordance  with  the  Froude  Law  of  Sim- 
ilitude. Thus  two  conditions  must  be  satisfied: 

1.  The  model  speed  in  each  case  must  corre- 
spond to  the  speed  of  the  particular  full-scale 
ship  of  specified  dimensions  (equal  F^) . 

2.  The  model  propeller  rpm  at  each  F„  value 

N 

must  be  adjusted  so  that  the  delivered  thrust  over- 
comes a model  resistance  derived  from  the  predicted 
full-scale  resistance,  that  is  C^,  versus  F^  for 
ship  and  model  are  equal. 

The  current  state  of  the  art  assumes  that  the 
propeller-hull  interactions  (wake  fractions  and 
thrust  deductions')  for  model  and  full-scale  are 
equal  when  these  two  conditions  are  met.  Various 
procedures  have  been  advocated  in  an  attempt  to 
correct  for  scale  effects  on  the  propeller-hull 
interactions.  In  absence  of  general  acceptance, 
however,  none  of  the  proposed  corrections  are  cur- 
rently incorporated  in  the  HSMB  model  test  and  data 
reduction  procedures. 

The  second  method  is  similar  to  that  recommended 
by  the  British  Towing  Tank  Panel.  Here  the  model 
speed  is  held  constant  and  the  model  propeller  rpm 
is  varied  in  discrete  increments  over  a range  of 
overloads  and  underloads  with  respect  to  either 
the  model  or  ship  resistance  (loading)  coefficients. 
This  method  is  particularly  advantageous  in  con- 
nection with  systematic  series  studies  since  it 
produces  generalized  data  which  can  be  used  to 
predict  the  propulsion  characteristics  of  any 
sized  geometrically  similar  ship  at  any  service 
condition  that  falls  within  the  range  of  overloads 
and  underloads.  Furthermore,  by  conducting  tests 
in  the  overload  range,  better  experimental  accuracy 
can  be  obtained  with  regard  to  the  propeller-hull 
interaction  coefficients.  This  is  especially  true 
for  the  case  of  large  bulk  carrier  type  ships  since 
the  model  resistance  at  design  speed  that  must  be 
overcome  to  simulate  ship-propulsion  point  may  be 
only  about  half  the  actual  model  resistance. 

The  procedural  steps  for  conducting  the  two  types 
of  propulsion  tests  using  the  integrated  towing 
arrangement  of  Figure  4 generally  parallel  those 
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used  for  the  resistance  tests  insofar  as  the  X-gage 
measurements  are  concerned,  and  are  as  follows: 

1.  If  the  formal  resistance  test  with  fully 
appended  model  (dummy  hub  in  place  of  propeller) 
was  not  conducted  immediately  prior  to  the  pro- 
pulsion test,  repeat  runs  should  be  made  on  the 
day  of  the  propulsion  test  particularly  at  design, 
maximum,  and  a few  intermediate  speeds. 

a.  Plot  measured  model  resistance  versus 
measured  carriage  speed  and  draw  a faired  curve 
as  close  as  possible  through  the  faired  data 

points.  The  resulting  curve  of  R versus  v con- 
r mm 

stitutes  the  basic  reference  curve  for  the  pro- 
pulsion tests  and  is  taken  to  be  the  actual  re- 
sistance of  the  model  on  the  day  of  the  test 
(uncorrected  for  blockage,  parasitic  drag  of 
turbulence  stimulators,  or  transitional  flow 
effects) . 

b.  For  use  in  ship-propulsion  point  type 
of  test  (F  variation),  prepare  a curve  of  model 
AR  versus  speed.  This  is  accomplished  by  sub- 
tracting previously  calculated  values  of  model 
ideal  resistance  R (see  Appendix  D)  from  the 
measured  values  of  R (Item  a.)  at  about  six  to 
eight  points  covering  the  model  speed  range.  At 
any  given  model  speed  (carriage  speed),  the  value 
of  AR  is  that  shown  on  the  X-gages,  the  differ- 
ence between  AR  and  -X  reflects  the  amount  that 
the  model  is  either  under-  or  over-propelled  with 
respect  to  the  ship-propulsion  point  at  equal  FN< 
For  large  ships,  R^  is  always  larger  than  R^  and 
therefore  AR  shows  up  as  a positive  drag  at1the 
ship  propulsion  point. 

2.  Conduct  no-load  runs  using  a dummy  hub  (of 
approximately  equal  weight)  in  place  of  the  pro- 
peller in  the  following  sequence.  These  runs  may 
be  made  in  conjunction  with  the  reference  resis- 
tance test  of  Step  1. 

a.  With  the  propeller  shaft  rotating  at  an 
rps  of  at  least  6. 0, establish  and  record  zeros  on 
the  torque  and  thrust  units  of  the  transmission 
dynamometer  using  an  integration  time  of  at  least 
30  seconds. 

b.  Conduct  standstill  no-load  runs  at  rps 
values  covering  the  range  contemplated  for  the 
test  and  record  torque  Q;  thrust  T,  and  rps  n 
values  using  30-second  integration  period. 

c.  Make  3 or  4 runs  covering  the  important 
range  of  speeds  to  determine  whether  there  is  any 
change  in  no-load  Q or  T with  model  speed.  There 
should  be  little  change  in  propeller  no-loads  with 
speed. 

d.  Just  prior  to  installing  propeller, 
check  zero  values  of  Q and  T by  making  a standstill 
run  at  the  reference  n condition. 

3.  Install  propeller  on  model  immediately 
following  no-load  runs  and  conduct  a reference 
standstill  test  run  as  follows: 

a.  With  propeller  stopped,  make  a zero 
check  on  the  X-gages  (see  resistance  test  pro- 
cedure). Then  with  X-gages  operative,  rotate 
propeller  at  a selected  reference  n (within  test 
range),  record  T,  Q and  X readings  using  a 30- 
second  integration  period.  These  runs  should  be 
made  periodically  throughout  the  regular  propul- 
sion tests  to  provide  a time  history  in  the  event 
of  instrument  drift  or  other  changes. 

4.  Conduct  overload  and  underload  propulsion 
test  at  a model  (carriage)  speed  corresponding  to 
design  speed  for  the  prototype  full-scale  ship  (or 
other  suitable  reference  speed)  and  covering  a 
range  of  about  0.8  to  2.0  times  the  R^  (ship- 
propulsion  point). 

a.  Each  run  is  made  by  setting  the  pro- 
peller rps  at  a discrete  value  which,  along  with 


the  carriage  speed,  is  maintained  constant  through- 
out a given  run.  About  six  to  eight  runs  should 
be  made  to  cover  the  desired  range  with  the  great- 
est concentration  of  data  points  being  made  toward 
the  overload  end  of  the  range.  After  an  integra- 
tion time  of  at  least  30  seconds  for  each  steady 
run,  record  v,  n,  T,  Q,  and  X readings. 

b.  Using  the  measured  data  from  the  over- 
load and  underload  runs  (corrected  for  no-loads 
and  any  instrument  zero  drift,  but  using  the  car- 
riage speed  uncorrected  for  blockage),  maintain  a 
carriage  plot  of  propeller  apparent  advance  coef- 
ficient J , thrust  deduction  coefficient  1-t,  and 
propulsive  coefficient  PC  versus  resistance  load- 
ing coefficient  C^'  (see  Appendix  D) . The  value 
of  at  C (ship-propulsion  point)  can  be  used 
as  a guide  to  estimate  the  values  of  n required 
for  ship-propulsion  point  at  other  model  speeds. 

The  J , 1-t,  and  PC  curves  should  be  reasonably 
fair  with  acceptable  scatter  before  proceeding  with 
the  ship-propulsion-point  test.  A plot  of  T/Q 
versus  C ' can  be  used  to  reconcile  erratic  read- 
ings if  either  the  thrust  or  torque  readings 
appear  to  be  inconsistent,  as  evidenced  by  the  1-t 
or  PC  data,  respectively. 

5.  Conduct  ship-propulsion-point  tests  over  the 
desired  range  of  model  speeds  (F^) . 

a.  Follow  the  procedures  outlined  for  the 
individual  runs  under  Step  4a  using  J to  estimate 
rps  as  indicated  under  Step  4b.  Stepa3a  should  be 
used  to  monitor  zero  drift.  About  six  additional 
model  speeds  or  values  of  F^  should  be  adequate 
for  a tanker  type  ship.  Runs  should  not  be  made 

below  a F = 0.10.  At  each  F , R ' should  be  with- 
N N i 

in  10  percent  of  R^;  otherwise  another  run  should 

be  made  preferably  to  obtain  a value  of  R ' to 
bracket  the  Ri  sought.  The  experience  gained  in 
each  run  will  be  helpful  in  subsequent  runs  to  ob- 
tain closer  estimates  of  the  rps  required  for  the 
ship-propulsion  point. 

b.  Process  the  measured  data  from  Step  5a 
in  the  same  manner  as  in  Step  6c.  However,  J , 

1-t,  and  PC  should  be  plotted  against  Froude  number 
based  on  carriage  speed  in  lieu  of  C^’ . If  R ' is 
within  10  percent  of  R , no  correction  will  be 
required  to  1-t  and  only  a relatively  minor  cor- 
rection will  be  required  to  J and  PC.  Repeat  runs 
can  be  made  at  the  discretion  of  the  test  engineer. 

6.  At  completion  of  both  types  of  propulsion 
tests,  reinstall  dummy  hub  and  check  no-loa3s. 

PMM  Tests 

Standard  procedures  have  been  developed  at  HSMB  for 
conducting  PMM  tests  with  large  surface-ship  models 
using  the  apparatus  show  in  Figure  4.  These  pro- 
cedures generally  follow  the  ITTC  recommendations 
which  were  the  outgrowth  of  an  international  coop- 
erative program  to  develop  standard  captive-model 
test  techniques  (Refs.  13,  14).  Included  as 
standard  are: 

1.  The  model  has  freedom  in  pitch  and  heave 
only  for  all  PMM  oscillatory  modes  of  motion;  and 
also  freedom  in  roll  in  the  static  mode,  if  con- 
sidered significant. 

2.  All  reference  tests  with  the  fully  appended 
model  are  made  with  the  propeller  operating  at  the 
ship-propulsion  point. 

3.  The  force  and  moment  data  are  taken  with 
respect  to  a body-axis  system  with  the  origin  at 
the  ship  longitudinal  center  of  gravity. 

The  scope  of  the  PMM  test  program  largely  depends 
upon  the  stage  of  development  of  the  design  in 
question  and  the  type  of  information  required. 
Typically,  a fairly  complete  program  intended  to 
provide  both  design  data  and  the  means  for  fully 
evaluating  the  deep-water  maneuvering  characteristics 
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of  a new  surface-ship  design  would  include  the 
following: 

1.  Resistance  and  propulsion  tests  with  fully 
appended  model  to  predict  EHP,  SHP,  and  RPM  versus 
speed  for  prototype  full-scale  ship. 

2.  Bare-hull  PMM  tests  to  provide  a basis  for 
rudder  design  changes. 

3.  Reference  PMM  tests  conducted  only  at  ship- 
propulsion  point  with  fully  appended  model  for 
analysis  of  inherent  directional  stability  and 
control  characteristics  and  for  preliminary  design 
of  auto-pilot. 

4.  Standard  PMM  tests  (including  overload  and 
underload  PMM  tests)  to  provide  the  complete  set 
of  hydrodynamic  coefficients  (mathematical  model) 
required  for  computer  simulation  studies  to  eval- 
uate the  full  range  of  maneuvering  characteristics 
of  the  specific  ship. 

For  the  case  of  existing  ships  or  where  the  hydro- 
dynamic  design  of  the  ship  is  essentially  fixed, 
only  the  reference  and  standard  PMM  tests  (Items 
3 and  4)  are  conducted. 

The  reference  PMM  tests  are  carried  out  in  all 
cases  as  a matter  of  standard  practice.  These 
tests  are  conducted  with  model  propeller  n corre- 
sponding to  ship-propulsion  point  which  is  deter- 
mined in  advance  for  existing  designs  from  either 
model  test  predictions  or  full-scale  data.  For 
new  ship  designs,  at  least  abbreviated  resistance 
and  propulsion  tests  may  be  required  to  establish 
the  desired  model  n.  The  reference  PMM  tests  for 
new  designs  are  usually  carried  out  in  two  steps: 
first  to  determine  inherent  (controls  fixed)  di- 
rectional stability  and  then  to  determine  inherent 
control  effectiveness.  If  the  design  proves  to  be 
inadequate  from  a stability  standpoint,  the  tests 
may  be  curtailed  in  favor  of  an  alternative  rud- 
der or  skeg  design.  The  specific  procedures  for 
conducting  reference  PMM  tests  using  the  HSMB 
LAHPMM  System  (for  each  of  the  three  basic  modes 
of  motion)  are  given  i'n  the  following  paragraphs. 
Unless  noted  otherwise,  the  rudder  is  fixed  on 
center  by  dowel  pins  and  the  model  n is  set  at  * 
ship-propulsion  point  for  zero  drift  angle  (g  = 0) 
and  zero  rudder  angle  (6  =0)  throughout  the 

tests. 

a.  Static  stability  tests  - the  model  is 
towed  at  constant  velocity  so  that  its  center  of 
gravity  moves  in  a straight  path  with  discrete 
settings  of  drift  angle  held  constant  for  each  run. 
The  g values  are  either  manually  or  remotely  set 
before  each  run  (see  Figure  la)  in  two-degree  in- 
crements covering  a range  of  -4  to  -14  degrees,  or 
higher  depending  upon  ship  type.  The  Ylf  Y2,  Xl 
(PMM)  and  X2  (PMM)  force  components  sensed  by  the 
block  gages  during  the  steady  portion  of  each  run 
are  recorded  after  a 30-second  integration  period 
(static  mode  on  recorder);  a waiting  period  of  10 
minutes  is  usually  allowed  between  each  run. 

b.  Pure  sideswaying  tests  - The  model 
while  being  towed  at  constant  velocity  is  oscil- 
lated laterally  so  that  its  centerline  always 
remains  parallel  to  the  direction  of  motion  of  the 
towing  carriage  while  its  center  of  gravity  moves 
in  a sinusoidal  path  (see  Figure  lb).  The  desired 
forced  motion  is  produced  by  oscillating  the  sway- 
ing carriage  at  a prescribed  frequency  and  ampli- 
tude by  means  of  its  servo-control  system  with  the 
yawing  tube  and  drift  angle  setting  (Figure  4) 
both  locked  at  zero.  The  desired  range  of  values 
can  be  obtained  by  varying  amplitude,  oscillation 
frequency,  or  a combination  of  both.  For  surface- 
ship  models  tested  in  HSMB,  the  range  of  fre- 
quencies should  be  kept  below  0.3  cps  to  avoid 
tank  resonant  standing-wave  effects,  and  prefer- 
ably below  0.15  cps  to  avoid  other  unwanted 


frequency  effects.  Each  run  is  made  with  carriage 
speed,  oscillation  frequency,  and  oscillation 
amplitude  held  constant  while  measurements  are 
taken.  The  FCS-resolver  system  previously  de- 
scribed is  used  to  directly  resolve  the  periodic 
Yi~,  Y2“,  Xj  (PMM)-,  and  X2  (PMM)-forces  sensed  by 
the  block  gages  into  in-phase  and  quadrature  force 
components.  Integrations  are  made  over  a discrete 
number  of  cycles;  usually  for  large  surface-ship 
models,  integrations  are  made  for  a minimum  of  two 
complete  cycles  at  a time.  A typical  run  includes 
a two-cycle  integration  in  "normal”  mode  which  is 
recorded,  followed  by  a two-cycle  integration  in 
"reverse"  mode  (gage-signal  polarity  reversed) 
which  is  recorded  after  the  run.  The  normal  and 
reverse  readings  are  averaged  to  obtain  the  de- 
sired in-phase  and  quadrature  force  components 
(see  Appendix  C). 

c.  Pure  yawing  tests  - The  model  while 
being  towed  at  constant  velocity  is  oscillated  in 
the  lateral  direction  so  that  its  longitudinal 
centerline  always  remains  tangent  to  the  path  de- 
scribed by  its  center  of  gravity  (see  Figure  lc) . 
The  desired  forced  motion  is  produced  by  oscilla- 
ting both  the  swaying  carriage  and  yawing  tube 
(Figure  4),  by  means  of  their  respective  servo  con- 
trol systems,  at  the  same  frequency,  with  a phase 
difference  of  90  degrees,  and  with  amplitudes  re- 
lated as  follows: 

ib  u) 

= y 

max  max  U 

o 

where 

^max  t*ie  yaw*n8  amplitude, 

y^ax  *-s  swaying  amplitude, 

w is  the  oscillation  frequency,  and 
Uq  is  the  carriage  speed. 

The  remaining  procedures  for  conducting  the  pure 
yawing  tests  are  essentially  the  same  as  those  de- 
scribed for  the  pure  sideswaying  tests  (Item  b.). 

d.  Control  effectiveness  tests  - For  these 
tests,  the  rudder  dowel  pins  are  removed  and  the 
rudder  settings  are  made  either  manually  by  means 
of  a split-clamp  angle-setting  device  in  the  model, 
or  by  means  of  a remotely  operated  rudder  actuator 
system.  Otherwise,  the  procedures  are  similar  to 
those  for  the  static  stability  tests  (Item  a.)  ex- 
cept that  discrete  rudder  angle  settings  are  used 
with  6 held  on  zero;  the  range  covered  is  usually 
-5  to  45  degrees,  depending  upon  ship  type. 

The  standard  PMM  tests  are  performed  pursuant  to 
formulation  of  the  complete  mathematical  model 
required  for  computer  simulation  studies.  These 
tests  are  usually  performed  concurrently  with,  and 
follow  procedures  similar  to,  the  reference  PMM 
tests.  Typically,  they  cover  a range  of  kinematic 
variables  broad  enough  to  provide  all  of  the  linear, 
nonlinear,  and  coupling  coefficients  required  to 
simulate  all  calm-water  maneuvers  within  the  capa- 
bility of  the  given  ship.  Included  as  a matter  of 
standard  practice  is  a class  of  tests  called  "over- 
load and  underload  PMM  tests"  where  the  model  pro- 
peller n (or  speed)  is  varied  to  produce  a wide 
range  of  ship-propulsion  ratio  n values,  where 
Ti  * 1.0  corresponds  to  ship-propulsion  point. 

These  tests  are  required  for  all  ship  types  for 
which  the  rudder  characteristics  are  significantly 
affected  by  the  relative  velocity  of  the  propeller 
slipstream.  They  are  particularly  important  for 
large  single-screw  full-form  ships  which  are  apt 
to  be  inherently  directionally  unstable.  For 
example,  it  is  known  that  such  ships  can  have  a 
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steady-turning  radius  as  small  as  one  shiplength 
(nondimensional  angular  velocity  r*  = 1.0),  and 
experience  a loss  of  speed  in  the  steady  turn  of  as 
much  as  75  percent  (corresponding  to  r\  = 4,0). 
Accordingly,  for  such  ship  types,  the  recommended 
practice  is  to  cover  a range  in  the  static  mode 
which  includes  discrete  variations  in  <$r  between 
-5  and  45  degrees  for  each  of  several  & values 
ranging  up  to  25  degrees,  for  each  of  several  q 
values  between  1.0  and  4.0.  Finally,  to  obtain 
certain  coupling  coefficients,  tests  are  made  with 
the  yawing  mode  in  combination  with  the  static  mode 
(see  Figure  Id).  For  example,  to  obtain  coupling 
between  linear  velocity  component,  v*  and  r'  , pure 
yawing  tests  are  run  with  each  of  several  discrete 
3 settings  over  a range  of  up  to  about  15  degrees, 
in  addition  to  the  8=0  setting  used  in  the  ref- 
erence PMM  tests.  For  certain  naval  ship  types, 
such  as  destroyers  which  tend  to  have  a high  degree 
of  inherent  directional  stability,  the  range  of  8, 
r',  and  f)  covered  by  the  standard  PMM  tests  can  be 
made  much  smaller. 

The  data  measured  during  each  run  of  the  foregoing 
types  of  PMM  tests  are  fed  into  the  HSMB  Digital 
Computer  System  installed  on  the  towing  carriage 
where  they  are  reduced  to  the  form  of  nondimension- 
al force  and  moment  coefficients  as  functions  of 
the  appropriate  kinematic  variables.  Running  plots 
are  prepared  from  the  resulting  data  which  are  used 
by  the  test  engineer  to  monitor  the  quality  of  the 
test  data  as  well  as  to  determine  the  need  for 
additional  runs.  As  each  phase  of  the  tests  is 
completed,  the  plots  are  used  in  conjunction  with 
the  carriage  computer  to  derive  the  various  coef- 
ficients ultimately  required  for  the  equations  of 
motion  or  mathematical  model  (see  Appendix  E) . In 
this  manner,  the  values  for  a complete  set  of  hydro- 
dynamic  coefficients  are  usually  available  immedi- 
ately after  completion  of  the  last  PMM  test  run. 

DATA  REDUCTION  AND  ANALYSIS  METHODS 

The  data  obtained  from  the  various  types  of  tests 
conducted  with  the  LAHPMM  System  are  reduced  and 
analyzed  in  accordance  with  standard  methods  which, 
in  some  cases,  have  been  adapted  to  suit  the  spe- 
cific needs  of  HSMB.  In  general,  the  data  from  the 
resistance  and  propulsion  tests  are  first  reduced 
to  nondimensional  coefficient  form.  These  coef- 
ficients are  then  used  in  conjunction  with  an 
appropriate  extrapolation  formula  to  make  powering 
predictions  for  the  full-scale  ship.  The  final 
result  usually  takes  the  form  of  curves  of  effect- 
ive horsepower  EHP,  shaft  horsepower  SHP,  and  pro- 
peller rpm  versus  ship  speed  in  knots.  However, 
the  powering  coefficients  are  also  utilized  in 
computer  simulation  studies  as  explained  later. 

The  details  of  the  methods  used  to  reduce  and 
analyze  the  resistance  and  propulsion  test  data  are 
given  in  Appendix  D. 

The  data  derived  from  the  various  types  of  PMM 
tests  are  reduced  to  nondimensional  form  in  accord- 
ance with  the  notation  given  in  Appendix  A.  These 
coefficients  are  then  plotted  as  functions  of  the 
various  nondimensional  kinematic  variables.  The 
resulting  plots  form  the  basis  for  determination 
of  the  values  for  the  derivatives  and  complete  set 
of  hydrodynamic  coefficients  used  for  dynamic  sta- 
bility analyses  and  computer  simulation  studies, 
respectively.  The  specific  methods  used  at  HSMB 
to  reduce  and  analyze  the  PMM  test  data  are  given 
in  detail  in  Appendix  E. 


METHODS  USED  FOR  COMPUTER  SIMULATION  OF  SHIP 
MANEUVERS 

Computer  simulation  studies  are  regularly  performed 
at  HSMB  for  which  a complete  set  of  hydrodynamic 
coefficients  resulting  from  the  conduct  of  standard 
PMM  tests  is  available.  The  main  objectives  of 
these  studies  are: 

1.  To  predict  and  evaluate  the  overall  direc- 
tions. stability  and  maneuverability  character- 
istics of  the  specific  ship  preferably  in  advance 
of  construction. 

2.  To  provide  a fundamental  data  base  leading 
to  the  development  of  rational  handling  quality 
criteria  for  various  ship  types. 

3.  To  provide  a basis  for  planning  and  imple- 
menting a program  directed  toward  establishing 
correlation  between  computer  simulation  predictions 
and  full-scale  trial  measurements  of  maneuvering 
characteristics  of  various  ship  types. 

4.  To  exercise  the  individual  mathematical 
model  as  well  as  to  provide  a means  for  setting  up 
and  checking  out  the  same  mathematical  model  pro- 
grammed on  training  simulators  or  research  simu- 
lators, such  as  the  MARAD  CAORF  Simulator,  to  per- 
form more  detailed  maneuvering  studies  involving 
the  human  operator  in  the  control  loop. 

The  simulation  studies  are  carried  out  with  the 
HYDRONAUTICS  META-4  Digital  Computer  System  using 
an  existing  program  for  the  Standard  Equations  of 
Motion  which  has  been  modified  to  accommodate  the 
case  of  large,  unstable  ships  undergoing  extreme 
maneuvers.  The  Standard  Equations  of  Motion  as 
well  as  the  methods  used  to  perform  the  simulation 
studies  and  evaluate  the  results  therefrom  are 
presented  in  more  detail  in  the  following  sections. 

Standard  Equations  of  Motion 

The  following  equations  in  three  degrees  of  freedom 
are  referred  to  a right-hand  orthogonal  system  of 
moving  axes,  fixed  in  the  body,  with  its  origin 
normally  located  at  the  center  of  mass  CG  of  the 
body.  The  positive  directions  of  the  axes,  angles, 
linear  velocity  components,  angular  velocity  com- 
ponents, forces  and  moments  are  indicated  by  the 
sketch  accompanying  the  Notation.  Unless  otherwise 
indicated  in  the  Notation,  the  numerical  values  for 
the  hydrodynamic  coefficients  used  with  the  equa- 
tions are  for  the  ship-propulsion  point  (r|  = 1.0). 
The  equations  are  written  in  terms  of  the  complete 
ship  configuration.  Thus  the  values  of  the  coef- 
ficients embrace  the  interaction  effects  between 
rudder  and  hull,  propeller  and  hull,  and  propeller 
and  rudder,  as  determined  from  PMM  or  other  captive- 
model  tests  for  the  completely  appended  ship  in 
various  modes  of  rigid  body  motion. 
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LATERAL  FORCE 
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The  foregoing  Standard  Equations  of  Motion  for 
Surface  Ships  are  patterned  after  the  quasi  steady- 
state  equations  of  Ref.  (18)  which  have  been  used 
extensively  for  a number  of  years  in  the  U.  S.  to 
perform  simulation  studies  of  submarines  undergoing 
complex  maneuvers  in  six  degrees  of  freedom.  As  for 
the  submarine  case,  the  nondimensional  hydrodynamic 
coefficients  which  comprise  the  basic  equations, 
within  current  state  of  the  art,  are  considered  to 
be  independent  of  speed  (Froude  number) . This 
assumption  is  reasonably  valid  particularly  when 
applied  to  commercial  ship  types  which  operate  in 
the  low  or  intermediate  speed  ranges  (Refs.  14,  19, 
20).  For  the  surface-ship  case  involving  only  three 
degrees  of  freedom  (surge,  sway,  and  yaw),  those 
coupling  terms  due  to  pitching,  heaving,  and  rolling 
motions  are  deleted.  In  addition,  some  modifica- 
tions are  introduced  principally  in  the  axial  equa- 
tion to  provide  an  improved  representation  of  the 
effects  of  change  in  propeller  loading  on  the  rudder 
coefficients.  Such  effects  play  an  important  role 
in  simulating  the  maneuvers  of  single-screw  merchant 
ships,  particularly  the  large  bulk  carrier  types 
which  are  capable  of  performing  relatively  tight 
turns. 

It  may  be  noted  that  the  Standard  Equations  involve 
the  use  of  the  so-called  "square-absolute"  method 
wherein  the  nonlinear  coefficients  are  represented 
by  least  square  fits  to  polynomials  carried  out  only 
up  to  the  second  order.  This  is  in  contrast  to  the 
"third  order  Taylor  expansion"  method  commonly  used 
in  surface-ship  simulation  studies  (Refs.  6,  14,  21). 
The  square-absolute  method  now  seems  preferred  by 
most  investigators,  even  by  those  who  formerly  used 


the  third  order  Taylor  expansion  method  exclusive- 
ly (Refs.  19,  20,  21).  This  is  due  largely  to  its 
convenience  for  use  in  computer  simulation  studies 
employing  analog  computers  as  well  as  its  apparent 
better  foundation  in  theory.  The  latter  is  based 
on  the  premise  that  many  of  the  nonlinearities  in 
the  force  and  moment  coefficients  are  related  to 
cross-flow  drag  which  tends  to  be  a second  order 
function.  A case  in  point  is  that  of  the  large 
bulk  carriers  which  often  achieve  steady-turning 
diameters  of  less  than  2.0  shiplengths  with  asso- 
ciated very  large  drift  angles.  The  coefficients 
associated  with  this  mode  of  motion  are  highly 
cross-flow  drag  related.  In  this  respect,  cross- 
flow  drag  theory,  in  conjunction  with  empirical 
data,  has  been  used  successfully  to  estimate  some 
of  the  nonlinear  coefficients  associated  with  such 
extreme  maneuvers. 

With  appropriate  values  for  the  hydrodynamic  coef- 
ficients, the  Standard  Equations  as  shown  are  sc* 
ficiently  comprehensive  to  enable  prediction  ol 
trajectories  of  a ship  undergoing  a complete  range 
of  ahead  maneuvers  in  calm  deep  water  including 
large  amplitude  zigzags,  tight  turns,  and  other 
maneuvers  involving  substantial  speed  changes. 
Similarly,  by  means  of  other  sets  of  values  for  the 
hydrodynamic  coefficients,  they  can  also  be  used  to 
make  such  predictions  for  astern  maneuvers  in  deep 
water  as  well  as  ahead  or  astern  maneuvers  in 
shallow-water  of  constant  depth. 

For  multiple-screw  ships,  the  values  of  q in  the 
Standard  Equations  are  normally  based  on  the  aver- 
ages of  all  the  propellers  operating  in  unison. 

For  special  maneuvers  such  as  low-speed,  mooring, 
and  docking  maneuvers,  it  may  be  desirable  to 
represent  separate  or  differential  action  of  the 
propellers.  This  can  be  readily  accomplished  by 
replacing  the  propeller  force  term 

2 LV  [3i  + V + Cin1 

in  the  axial  equation, for  example  for  the  twin- 
screw  case,  by 
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where  the  subscripts  p and  s means  the  values  in 
the  parentheses  correspond  to  the  action  of  the 
port  and  starboard  propellers,  respectively;  and 
by  adding  appropriate  propeller  force  terms  to  the 
yawing-moment  and  lateral-force  equations. 

Mathematical  Models 

The  basic  mathematical  model  in  each  case  is  de- 
fined herein  as  the  Standard  Equations  of  Motion 
whose  various  terms  are  numerically  evaluated  to 
represent  a specific  ship.  A complete  set  of  input 
data  for  this  purpose  consists  of  the  numerical 
values  of  all  of  the  hydrodynamic  coefficients 
which  are  predominantly  experimentally  determined 
and,  in  addition,  the  values  of  the  inertial  and 
pertinent  geometrical  characteristics  which  are 
usually  specified.  Unless  otherwise  noted,  the 
basic  mathematical  models  discussed  herein  are  de- 
rived from  the  standard  PMM  tests  and  pertain  to 
the  case  of  the  designated  ship  operating  in  calm 
water  of  unrestricted  depth  and  width.  A typical 
set  of  hydrodynamic  coefficients  obtained  for  the 
MARINER  and  used  to  formulate  a basic  mathematical 
model  for  computer  simulation  studies  is  presented 
in  Table  2. 

For  convenience  to  the  users  and  other  Interested 
persons,  the  procedures  used  to  arrive  at  the  numer- 
ical values  for  the  complete  set  of  hydrodynamic 
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NONDIMENSIONAL  HYDRODYNAMIC  COEFFICIENTS  FOR  MARINER 
(USS  COMPASS  ISLAND)  USED  FOR  COMPUTER  SIMULATION  STUDIES 

X-Equation  Y-Equation  N-Equation 
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used  for  the  computer  simulation  studies  discussed 
in  the  next  section. 

Additional  LAHPMM  tests  were  conducted  with  the 
MARINER  model  at  a speed  condition  corresponding  to 
20  knots  full-scale  for  comparison  with  the  pub- 
lished results  of  Rotating  Arm  tests  from  NSRDC  and 
AEW  as  well  as  the  large-amplitude  PMM  tests  at  SL 
(see  Ref.  9).  Selected  force  and  moment  coeffi- 
cients derived  from  HSMB  LAHPMM  tests  are  compared 
in  Figure  14  with  corresponding  data  from  NSRDC, 

AEW  and  SL.  For  the  case  of  Y'  versus  r',  the  HSMB 
data  agree  quite  well  with  AEW  data.  However,  the 
agreement  with  the  SL  results  when  corrected  to  the 
CG  is  fair.  For  the  case  of  N*  versus  r',  the  HSMB 
data  are  in  excellent  agreement  with  the  results 
from  the  other  laboratories.  The  values  of  the 
hydrodynamic  coefficients  presented  in  Table  2 are 
not  directly  comparable  to  those  in  Reference  9 be- 
cause of  the  difference  in  fitting  techniques  used, 
as  discussed  in  the  section  on  Standard  Equations 
of  Motion. 

COMPARISON  OF  HSMB  COMPUTER  SIMULATION  PREDICTIONS 
WITH  MARINER  (COMPASS  ISLAND)  FULL-SCALE  TRIAL 
RESULTS 


coefficients  for  the  Standard  Equations  of  Motion, 
such  as  that  given  in  Table  2 are  presented  in 
Appendix  E.  Because  of  the  nature  of  the  func- 
tional relationships  involved,  the  procedures 
applied  to  the  coefficients  for  the  lateral  force 
and  yawing  moment  equations  are  discussed  separ- 
ately from  those  applied  to  the  coefficients  for 
the  axial  force  equations. 

In  addition  to  the  basic  mathematical  models,  the 
computer  program  must  also  include  certain  sup- 
plementary mathematical  models  or  subroutines  in 
order  to  perform  a complete  maneuvering  simulation. 
Typical  subroutines  used  in  investigations  con- 
cerned with  simulation  of  maneuvers  of  the  given 
ship  in  calm  water  of  unrestricted  depth  and  width 
are  as  follows: 

1.  Time  history  of  rudder  movement  in  degrees 
including  the  scenarios  required  for  the  various 
definitive  maneuvers. 

2.  Time  history  of  change  in  propeller  RPM 
from  full  ahead  to  full  astern  including  appro- 
priate time  allowances  for  lags  due  to  communica- 
tion, human  reaction,  and  prime-mover  response. 

3.  Autopilot  equations  for  coursekeeping 
control. 

It  is  anticipated  that  the  basic  mathematical 
models  for  the  deep-water  case  will  be  used  in 
conjunction  with  other  PMM  test  data  recently 
acquired  to  perform  simulation  studies  of  maneu- 
vers in  shallow  water  of  varying  depth  as  well  as 
under  various  environmental  conditions.  For  such 
studies  the  following  typical  subroutines  can  be 
added  as  appropriate  data  become  available: 

1.  Supplementary  mathematical  models  repre- 
senting the  variation  of  the  static,  rotary,  and 
acceleration  coefficients  with  water  depth. 

2.  Forcing  functions  due  to  the  action  of  wind 
and  waves. 

3.  Forcing  functions  due  to  asymmetrical 
forces  and  moments  imposed  on  the  ship  due  to 
proximity  to  a bank  in  a canal  or  channel. 

Evaluations  Based  on  Definitive  Maneuvers 

The  so-called  definitive  maneuver  approach  (Refs. 
22,  7)  is  the  primary  method  used  in  computer 
simulation  studies  at  HSMB  to  evaluate  the  man- 
euvering characteristics  of  each  specific  ship 
design  for  which  adequate  PMM  test  data  are  avail- 
able. This  approach  was  chosen  because  it  provides 
the  most  direct  means  for  satisfying  all  four  of 
the  objectives  previously  stated.  For  complete- 
ness as  well  as  for  convenient  reference,  a de- 
tailed account  of  the  logic  and  procedural  steps 
associated  with  the  use  of  definitive  maneuvers 
is  presented  in  Appendix  F. 

HYDRODYNAMIC  COEFFICIENTS  FOR  MARINER  CLASS 
VESSEL  (ITTC  STANDARD  PROGRAM) 

Pursuant  to  the  ITTC  Cooperative  Captive-Model- 
Test  Pregram  (Phases  1 and  2),  LAHPMM  tests  were 
conducted  using  a 21.841-foot  model  of  the 
MARINER.  The  model  was  borrowed  from  NSRDC  and 
reconditioned  by  HYDRONAUTICS.  The  reconditioned 
model  conformed  to  the  specifications  for  the  ITTC 
program  and  therefore  differed  from  the  USS 
COMPASS  ISLAND  only  in  that  the  model  bilge  keels 
were  longer  and  the  model  did  not  have  a sonar 
dome  (see  Ref.  23).  The  model  particulars  are 
given  in  Reference  24. 

The  hydrodynamic  coefficients  presented  in  Table  2 
were  determined  from  LAHPMM  tests  conducted  at 
speed  conditions  corresponding  to  10.5  and  15 
knots  full-scale.  These  coefficients  in  combina- 
tion with  the  Standard  Equations  of  Motion  were 
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A main  strength  of  the  computer  simulation  technique 
described  herein  lies  in  its  ability  to  predict, 
with  reasonable  accuracy,  the  detailed  behavior  of 
a specified  surface  ship  undergoing  a wide  range  of 
maneuvers  from  moderate  to  extreme.  Furthermore, 
to  derive  the  maximum  benefit,  the  technique  must 
be  able  to  perform  this  function  well  in  advance  of 
construction,  or  at  least  without  involvement  of  the 
ship  where  it  already  exists.  It  is  apparent, 
therefore,  that  an  active  and  vigilant  correlation 
program  in  the  field  of  ship  maneuverability  is 
required  to  verify  the  accuracy  and  continuously 
upgrade  the  confidence  level  associated  with  the 
predictions  made  by  various  alternative  techniques. 

The  U.  S.  Navy  under  the  direction  of  NSRDC  has 
maintained  a continuous  program  of  correlation 
studies  primarily  in  the  area  of  submarines  and 
various  naval  surface-ship  types.  The  major  seg- 
ment of  the  submarine  program  has  been  devoted  to 
establishing  correlation  between  computer  simulation 
predictions  based  on  PMM  tests  with  large  models 
and  data  derived  from  trajectory  measurements  taken 
during  carefully  conducted  full-scale  trials.  Based 
on  the  results  of  such  studies  on  19  different  sub- 
marines, it  has  been  concluded  that  very  good 
correlation  can  be  expected,  by  the  use  of  this 
technique,  for  a wide  variety  of  maneuvers  confined 
either  to  the  vertical  or  horizontal  plane  of  mo- 
tion. For  the  case  of  naval  surface  ships,  however, 
essentially  all  of  the  correlation  studies  have  been 
made  on  basis  of  data  predicted  from  large  free- 
running  model  tests.  Good  correlation  has  been 
shown  on  this  basis  for  the  case  of  35-degree- 
rudder  steady-turning  maneuvers  conducted  on  a 
fairly  large  number  of  different  naval  ship  types. 
However,  predictions  of  the  height  and  width  of 
loop  from  spiral  maneuvers  of  unstable  ships  have 
not  been  quite  as  good  (Ref.  22).  It  should  be 
emphasized  that,  in  contrast  to  modern  bulk  carrier 
ship  types,  the  differences  in  propeller  loading 
coefficient  between  the  large  free-running  model 
and  full-scale  ship  are  not  very  great  for  the  case 
of  most  naval  surface  ships  investigated. 

Based  on  the  success  shown  for  the  case  of  submar- 
ines, it  is  reasonable  to  assume  that  good  correla- 
tion could  also  be  obtained  for  merchant  ships  by 
means  of  computer  simulation  predictions  based  on 
properly  conducted  PMM  tests  with  large  models.  At 
least  two  recent  papers  (Refs.  9,  20)  dealing  with 
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surface  ships  have  contributed  to  the  mounting 
evidence  in  support  of  this  contention.  Reference 
20  presents  brief  coapar 1^  'ns  between  computer 
simulation  predictions,  based  on  data  from  PMM 
tests  performed  at  SI  , Denmark  with  a largo  model 
of  a 190,000  DWT  tanker,  and  full-scale  trial  mea- 
surements. Within  the  limitations  of  the  trial 
data  and  the  s«.  ope  of  the  PMM  tests,  these  com- 
parisons show  reasonably  good  agreement  between 
the  simulated  and  measured  values  for  the  cases  of 
a 35-degrec-rudde r steady-turning  maneuver  and  a 
20-20  zigzag.  Reference  9 presents  a much  more 
extensive  correlation  study  involving  a MARINER 
Class  Ship  which  was  performed  pursuant  to  the 
ITTC  Cooperative  Capt ive-Model-Test  Program  (Phase 
2)  (Ref.  14).  The  computer  simulation  predictions 
in  this  case  were  based  on  a complete  set  of  tests 
conducted  with  a large  model  on  the  new  large 
amplitude  PMM  at  SL.  Moreover,  the  full-scale 
trials  (sponsored  by  the  U.  S.  Navy  were  conducted 
primarily  for  research  purposes  and  therefore  are 
perhaps  the  most  highly  instrumented  and  carefully 
controlled  maneuvering  trials  ever  conducted  on  a 
surface  ship  (see  Ref.  23).  This  study  showed 
very  good  agreement  between  the  simulated  and  mea- 
sured values  resulting  from  a wide  variety  of  man- 
euvers including  spirals,  zigzags  and  turns,  which 
lends  strong  credence  to  the  validity  of  the  PMM 
technique . 

Computer  simulation  predictions  for  the  MARINER, 
using  the  coefficients  for  the  mathematical  model 
determined  by  means  of  the  HSMB  LAHPMM  (Table  2) 
and  the  standard  equations  of  motion  are  compared 
with  full-scale  trial  results  in  Figures  15  to  18. 
The  results  are  presented  in  the  same  format  as 
used  in  Reference  9 to  afford  easy  comparison.  As 
can  be  seen  from  Figures  15  to  18,  very  good  agree- 
ment is  obtained  between  simulated  and  measured 
full-scale  values. 

CONCLUDING  REMARKS 

Standard  techniques  and  procedures  have  been  de- 
veloped at  HSMB  for  studying  the  directional  sta- 
bility and  control  of  displacement  type  surface 
ships.  These  advanced  techniques  provide  a power- 
ful tool  in  the  U.  S.  for  solving  a wide  variety 
of  problems  related  to  the  field  of  ship  maneuver- 
ability, including  many  areas  hitherto  neglected 
in  the  case  of  surface  ships.  These  techniques 
should  be  especially  helpful  when  used  to  make 
decisions  in  the  early  design  stage  and  to  fully 
evaluate  the  maneuvering  characteristics  of  spe- 
cific ships.  They  should  also  serve  to  greatly 
r.Kilitate  studies  of  international  importance  re- 
ined to  safety  of  ships  maneuvering  in  traffic 
m«s , harbors,  and  other  restricted  areas,  which 
.r.  - efficiently  treated  by  simulators  requir- 

, *•  t *•  use  of  mathematical  models. 

s n Information  available  so  far,  the  com- 
MM  test  and  computer-simulation  technique 
• .*  * rein  can  be  relied  upon  to  provide 

.•  . . urate  predictions  of  the  various 

i abilities  of  interest  to  any  given 
.•  j wever,  as  with  most  relatively  new 
* riques,  an  active  correlation  pro- 
,r  •ued  which  involves  comparisons 
n.  • *r  -m  properly  conducted  maneu- 
*f  : i ••  representative  types  of 
, • ,m  , • »u]d  lead  to  progressive 
m »n  i )<«•*  and  thus  assure  that 
• . '•  f the  highest  caliber 

. erned  with  fullest  con- 

r are  correlation 
. arr ter  ship  types 
• r«»i  t l »nally  unstable 


and,  there:  re,  mv  need  to  be  investigated  more 
thoroughly  in  the  future.  Properly  conducted  and 
well  inst rusented  maneuvering  trials  have  been  per- 
formed in  the  L\  S.  on  a variety  of  naval  sur f mc t - 
ship  types,  hut  unfortunately  nearly  all  of  these 
have  not  been  subjected  to  the  correspond ing  stand- 
ard PMM  tests.  A feasible  means  to  accelerate  the 
overall  correlation  program,  therefore,  would  he  to 

induct  such  PMM  tests  and  associated  computer  sim- 
ulation studies  on  those  naval  ships  for  which  the 
standard  large  models  are  still  in  existence. 

REFERENCES 

1)  "Proceed ings  of  the  First  Symposium  on  Ship 
Maneuverability,"  David  Taylor  Model  Basin 
Report  1461,  October,  I960. 

2)  Gertler,  Morton,  "Some  Recent  Advances  in 
Dvnanic  Stability  and  Control  of  Submerged 
Vehicles,"  Proceedings  of  an  International 
Symposium  on  Directional  Stability  and  Control 
of  Bodies  Moving  in  Water,"  The  .Journal  of 
Mechanical  Engineering  Science,  Vol.  14,  No.  7, 
Supplementary  Issue,  1972. 

3)  "Planar-Motion-Mechanism  System,"  l*.  S.  Patent 
No.  3,052,120  Issued  to  U.  S.  Navy,  September 
4,  1962,  (Alex  Goodman  and  Morton  Gertler,  co- 
inventors) . 

4)  Gertler,  Morton,  "The  DTMB  Planar-Mot  ion - 
Mechanism  System,"  Proceedings  of  Symposium  on 
Towing  Tank  Facilities,  Inst rumentat ion  and 
Measuring  Techniques,  Zagreb,  Yugoslavia, 

September,  195^. 

5)  Goodman,  Alex.  "Experimental  Techniques  and 
Methods  of  Analysis  Used  in  Submerged  Body 
Research,"  Proceedings  of  the  ONR  Third  Sym- 
posium on  Naval  Hydrodynamics,  1960. 

6)  Strom-Tejsen,  J.  and  Cbislett,  M.  S.,  "A  Model 
Testing  Technique  and  Method  of  Analysis  for 
the  Prediction  of  Steering  and  Maneuvering 
Qualities  of  Surface  Vessels,"  HyA  Report  Hy-7, 

September,  1966. 

7)  Goodman,  Alex  and  Gertler,  Morton,  "Analytical 
and  Experimental  Techniques  used  at  HSMB  for 
Surface  Ship  Directional  Stability  and  Control 
Studies,"  Presented  before  the  Chesapeake 
Chapter  of  SNAME,  24  April  1975,  HYDRONAUTICS , 

Incorporated  Technical  Report  7500-1,  April, 

1975. 

8)  Chislett,  M.  S.  and  Smith,  L.  Wagner,  "A  Brief 
Description  of  the  HyA  Large  Amplitude  PMM 
System,"  Proceedings  of  an  International  Sym- 
posium on  Directional  Stability  and  Control  of 
Bodies  Moving  in  Water,”  The  Journal  of  Mechan- 
ical Engineering  Science,  Vol.  14,  No.  7,  Sup- 
plementary Issue,  1972. 

9)  Smith,  L.  W.  and  Chislett,  M.  S.,  "Large  Ampli- 
tude PMM  Tests  and  Maneuvering  Predictions  for 
a MARINER  Class  Vessel,"  Proceedings  of  Tenth 
ONR  Hydrodynamic  Symposium,  June,  1974. 

10)  Chislett,  M.  S.  and  Strom-Tejsen,  "Planar  Mo- 
tion Mechanism  Tests  and  Full-Scale  Steering 
and  Maneuvering  Predictions  for  a MARINER  Class 
Vessel,"  HyA  Report  Hy-6,  April,  1965. 

11)  Gertler,  Morton,  Xohl , Robert  E.,  and  Kirkman, 

Karl  L.,  "Experimental  Investigation  of  a Sys- 
tematic Series  of  Low  Length-Beam  Ratio,  High 
Block  Coefficient  Merchant  Ship  Forms," 

HYDRONAUTICS,  Incorporated  Technical  Report 
7166-1,  June,  1973. 

12)  Gertler,  Morton  and  Kohl,  Robert  E. , "Resistance, 

Propulsion,  and  Maneuverability  Characteristics 
of  MARAD  Systematic  Series  for  Large  Full-Form 
Merchant  Ships,"  November,  1974. 

13)  Gertler,  M. , "The  ITTC  Standard  Captive-Model- 
Test  Program  - A Review  and  Analysis  of  Data 

«* 


© IMcchF  iy?7 


70 


Received  Prior  to  May  1966,"  Appendix  II  of 
Maneuverability  Report,  Proceedings  of  11th 
ITTC,  1966. 

16)  Gertler,  Morton,  "Final  Analysis  of  First 
Phase  of  ITTC  Standard  Captive-Model-Test 
Program,"  Appendix  3,  Part  2 of  Maneuver- 
ability Committer  Report,  Proceedings  of  the 
12th  ITTC,  1969. 

15)  Goodman,  Alex,  "Description  and  Operation  of 
Planar-Mot lon-Mechanlsm  for  AEW,”  HYDRONAUTICS, 
Incorporated  Technical  Manual  754-1,  April, 
1968. 

16)  Altmann,  Ronald  J.,  and  Goodman,  Alex,  "De- 
scription and  Operation  of  Propeller  Dynamom- 
eter System  for  the  High  Speed  Channel  of  the 
Bassin  D'Essals  Des  Carenes,"  HYDRONAUTICS , 
Incorporated  Technical  Manual  7026-2,  January, 
1971. 

17)  "Report  of  the  Propulsion  Committee,"  Pro- 
/ ceedings  of  the  Ninth  ITTC,  Paris,  September, 

1960. 

18)  Gertler,  Morton  and  Hagen,  Grant  R.,  "Standard 
Equations  of  Motion  for  Submarine  Simulation," 
NSRDC  Report  2510,  June,  1967. 

19)  Norrbln,  Nils  H. , "Theory  and  Observation  on 
the  Use  of  a Mathematical  Model  for  Ship 
Maneuvering  in  Deep  and  Confined  Waters," 
Swedish  State  Shipbuilding  Experimental  Tank 
Publication  No.  68,  1971. 

20)  van  Berlekom,  Willem  B.  and  Goddard,  Thomas 
A.,  "Maneuvering  of  Large  Tankers,"  Trans- 
actions SNAME,  Vol . 80,  1972. 

21)  Gertler,  Morton,  "Cooperative  Test  Program- 
Review  and  Status  of  Second  Phase  of  Standard 
Captive-Model  Test  Program,"  Appendix  VI  of 
Maneuverability  Committee  Report,  Proceedings 
of  13th  ITTC,  1972. 

22)  Gertler,  Morton  and  Gover,  S.  C. , "Handling 
Quality  Criteria  for  Surface  Ships,"  Presented 
before  the  Chesapeake  Chapter  of  SNAME,  May, 
1959,  DTMB  Report  1514,  April,  1961. 

23)  Morse,  R.  V.  and  Price,  D. , "Maneuvering 
Characteristics  of  the  MARINER  Type  Ship 
(USS  COMPASS  ISLAND)  in  Calm  Seas,"  Sperry 
Gyroscope  Publication  G7-2233-1019,  Prepared 
for  David  Taylor  Model  Basin  under  Contract 
NOnr  3061(00),  1961. 

24)  Gertler,  Morton,  "Cooperative  Rotating-Arm  and 
Straightline  Experiments  with  ITTC  Standard 
Model  (MARINER  Type  Ship),  DTMB  Report  2221, 
June,  1966. 

25)  Gertler,  M. , "The  Prediction  of  the  Effective 
Horsepower  of  Ships  by  Methods  in  Use  at  the 
David  Taylor  Model  Basin,"  DTMB  Report  576, 
Second  Edition,  December,  1947. 

26)  Hadler,  J.  B.,  'Ooef ficients  for  International 
Towing  Tank  Conference  1957  Model-Ship  Corre- 
lation Line,”  DTMB  Report  1185,  April,  1958. 

27)  Scott,  J.  R. , "On  Blockage  Correction  and 
Extrapolation  to  Smooth  Ship  Resistance," 
Transactions  of  SNAME,  1970. 

28)  Gross,  A.  and  Watanabe,  K. , "On  Blockage 
Correction,"  Appendix  3,  Performance  Committee 
Report,  Proceedings  of  the  13th  ITTC,  1972. 

29)  Hughes,  G. , "Tank  Boundary  Effects  on  Model 
Resistance,"  Transactions  of  RINA,  Vol.  103, 

1961. 

30)  Smitt,  L.  Wagner,  "On  Spiral  Test  Techniques," 
Report  of  Maneuverability  Committee,  Appendix 
I,  Proceedings  of  the  13th  ITTC,  1972. 


© IMechE  1977 


70 


A 


t • : ' Cu  irs  ' • r*  ; rt 

I.**r  *•■*•  r • r.tranct  • -el  ‘ ~ rv»a r 1 

per”  n ii - :lnr  FP 
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Draft  at  lesion  full -load  condition 

Volime  cf  31  sc  lace-rent  at  design  full-load 
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Slock  coefficient;  v/LBT 

Block  coefficient  of  entrance;  V^/L^BT 

Block  coefficient  cf  run;  V^/L^BT 
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Wetted-surface  coefficient;  S/(VL)‘ 
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RUDDER  GEOMETRY 


Deflnl tlon 


Total  planform  area 


Fixed  area 


Movable  area 


Mean  span 
Root  chord 

Tip  chord 

Aspect  ratio  (geometric);  b2/AT 


Taper  ratio 


PROPELLER  GEOMETRY 


Blade  chord  at  C.7  radius 


Pitch  at  0.7  radius 
Diameter-draft  ratio 


Pitch-diameter  ratio 
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Symbol 


Defir.  1 1 Ion 


FKF 


rr 


SHP 


v 

V 

a 


P 

v 


J 

Ja 

JtQ 

JtT 

KQ 

*T 

PC 

R„ 


w 


T 


Effective  horsepower 
Propeller  revolutions  prr  unit  time 
Propeller  Torque 
Aided  resistance 

Frictional  resistance 

[deal  resistance;  rr 

ship  propulsion  point 

Residual  resistance 
Total  resistance 

Propeller  thrust 
Shaft  horsepower 
Speed 

Propeller  speed  of  advance 

Mass  density 
Kinematic  viscosity 

Model-ship  correlation  allowance  coef- 
ficient ;R^/X  pSv2 

Frictional-resistance  coefficient; Rp/^pSv2 
Cpm  in  model  range,  in  ship  range 

Residual-resistance  coefficient; 

RR/ipSva 

Total-resistance  coefficient;  R^/^pSv2 
Leading  coefficient;  CT1 ' = C,^  at  ship 
propulsion  point 

Propeller  efficiency 
Hull  efficiency;  1-t/l-w 
Relative  rotative  efficiency 
Froude  number;  v/*^"gl. 

Propeller  advance  coefficient;  v^/nD 
Apparent  advance  coefficient 
True  advance  coeff 1 cient-torque  identity 
True  advance  coef f icient-thrust  identity 
Propeller  torque  coefficient;  Q/pn2D5 
Fropeller  thrust  coefficient ; T/pn'D1 
Propulsive  coefficient ; EHP/SHP  = R^v/^TrQn 
Reynolds  number;  vL/v 

Rt 

Thrust  deduction  fraction;  1 - 

v 

Taylor  wake  fraction ; 1 - 

Taylor  wake  fract ion-torque  Identity; 


Taylor  wake  fraction- thrust  identity; 


DIRECTIONAL  7 A DILITY  AND  CONTROL 


The  following  nomenclature  conforms  tc  DTMB  Report  1319 

and  NSRDC  Rep  rt  • 10  wh< re  applicable.  Tl  positive  • 

of  axes,  ingles,  forces,  moments,  and  velocities  are  shown  by 
the  , company  I ng  sketch,  (see  page  78) 


Symbol 

ai 
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CB 

CG 
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Ni  ndimens ional  Form 


Definition 
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X 

ipL5 
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ipL5 
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k 
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L 


z 
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Constant  In  quadratic  fit  tc  axial 
force  equation  X' . , . * f(q)  for 

t h p"  O “ y 

each  of  1 segments  where  1 ® 1, 

0 in  ap- 


2,3,4;  a = X 'at 
* 1 uu 


propria te  segment 


First  order  coefficient  In  qua- 
dratic fit  to  axial  propeller 


force  equation  X1 


, th 


0=6  =0 


f (q ) 


for  each  of  1 segments  where 

1 = 1,2,3,** 


Second  order  coefficient  In 
quadratic  fit  to  axial  propeller 


force  equation  X'  _A  = f(q) 

. , p=o  —yJ 

th  ~ r 

for  each  of  1 segments  where 


1 = 1,2, 3, 4 
Advance 


Center  of  buoyancy 
Center  of  mass  of  ship 
Propeller  diameter 


Steady-turning  diameter 


Moment  of  inertia  of  ship  about 
x axis 


Moment  of  inertia  of  ship  about 
y axis 


Moment  of  inertia  of  ship  about 
z axis 


Propeller  advance  coefficient 
based  on  ship  speed  u 


Propeller  advance  coefficient 
at  steady  ship  command  speed  u 


Radius  of  gyration  of  ship  about 
x axis 


Radius  of  gyration  of  ship  about 
y axis 


Radius  of  gyration  of  ship  about 
z axis 


Characteristic  length;  length 
between  perpendiculars  for  com- 
mercial ships 
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i . i - 1 

/ * r v 

d “ L L 


Dynamic  stability  lever 


r L Y ' - m' 
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Damping  lever 


/ N ' 
t • . s . -iL 

v L Y 1 


Static  stability  lever 


JpL3 
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N.  N.' 


^pL3Ua 

" ipL’U* 

N 


ipL*U 
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N. 


N.  N.  1 


r ipL5 


Mass  of  ship 


Hydrodynamic  moment  component 
about  z axis  (yawing  moment) 


Yawing  moment  when  3 = 5r  ==  0 


First  order  coefficient  used  in 
representing  N as  a function  of  r 


First  order  coefficient  used  in 
representing  N as  a function  of 

(n-i) 

Coefficient  used  in  representing 
N as  a function  of  r 
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ipL 
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r]Br 
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N 
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N.  N ' 

Brt]  Err) 


Br 


JpL3!)2 
N. 


Brb 


ipL3!!2 


Second  order  coefficient  used  In 
representing  N as  a function  of  r 


Coefficient  used  In  representing 

N.  as  a function  of  r 
Br 


First  order  coefficient  used  In 
representing  N as  a function  of  v 


First  order  coefficient  used  In 
representing  N as  a function  of 

(n-D 

Coefficient  used  in  representing 
N as  a function  of  v 


Coefficient  used  in  representing 

N as  a function  of  v 
r 


Second  order  coefficient  used 
in  representing  N as  a function 
of  v 

First  order  coefficient  used  in 
representing  N i i as  a function 
of  (t)-l ) Vm 

First  order  coefficient  used  in 
representing  N as  a function  of 
6r 


First  order  coefficient  used  in 
representing  N_  as  a function 

of  (n-1)  Br 


Propeller  revolution  rate 

Propeller  revolution  rate  at 
steady  command  speed 


Ordered  propeller  revolution  rate 
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0 

y 

0 

y 

0 

• « JL 

L 

Overshoot  width  of  path 

°* 

Overshoot  heeding  3ngle;  laeesurei 
from  value  at  second  execute 

R 

R' 

R 

L 

Steady- turr.l  ng  radius 

r 

r' 

rL 

U 

Angular  velocity  component  about 
z axis  relative  to  fluid  (yaw) 

r 

rL2 
r * 

U* 

Angular  acceleration  component 
about  z axis  relative  to  fluid 

TD 

TD 

, TD 

L 

Tactical  diameter 

TP 

TP 

, , tr 
* 'l* 

Transfer 

t 

t’ 

tu 

L 

Time 

‘t 

V 

, V 

L 

Time  at  1th  execute  In  an  over- 
shoot or  zigzag  maneuver 

t 

o 

t 1 
o 

t U 
, 0 

L 

Time  at  Initiation  of  a maneuver 

t90 

*180 

t . . ladL 

90  L 

t • - 

180  L 

Time  to  reach  90-degree  change 
of  heading  In  a turn 

Time  to  reach  180-degree  change 
of  heading  In  a turn 

u 

U' 

_ U 
" U 

Linear  velocity  of  origin  of 
body  axes  relative  to  fluid 

U 

u' 

u 

“ U 

Component  of  U In  direction  of 
the  x axis 

U 

u' 

uL 
° U2 

Time  rate  of  change  of  u In 
direction  of  the  x axis 

U 

c 

u 1 
c 

u 

, = C 

U 

Command  speed:  steady  value  of 
ahead  speed  component  u for  a 
given  propeller  rpm  for  0 = 5r  = 
sign  changes  with  propeller  re- 
versal 

V 

Absolute  speed  In  knots 

V 

o 

Steady  approach  speed  In  knots 

V90 

Speed  In  knots  at  90-degree 
heading  change  In  a turn 

V180 

Speed  In  knots  at  180-degree 
heading  change  In  a turn 

V 

V' 

V 

" U 

Component  of  U In  direction  of 
the  y axis 

it 

it ' 

o iL 
= U2 

Time  rate  of  change  of  v In 
direction  of  the  y axis 

X 

XB 

X' 

V 

1 

X 

= L 

XB 

L 

Longitudinal  body  axis;  also 
the  coordinate  of  a point  rela- 
tive to  the  origin  of  body  axes 

The  x coordinate  of  CB 

xo 

X ' 
0 

. X° 

L 

The  x coordinate  of  CO 
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A coordinate  of  the  displacement 
of  CG  relative  to  the  origin  of 
a set  of  fixed  axes 


X. 


X 

X ' « — — 

rr  JpL4 

X. 


X.  ’ = 
u 


u 

ipL3 

X 

uu 

' ipL2 


Hydrodynamic  force  component 
along  x axis  (longitudinal,  or 
axial  force) 

Second  order  coefficient  used 
in  representing  X as  a function 
of  r.  First  order  coefficient 
is  zero 

Coefficient  used  in  representing 
X as  a function  of  u 


Second  order  coefficient  used 
in  representing  X as  a function 
of  u in  the  non-propelled  case. 
First  order  coefficient  is  zero 


VVTJ 
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BrSrTjT) 


VVTJ 


ipL3 

X 

VV 

IpL* 

X 

VV 

JpL' 

X, 


3r6r 

ipLaU: 

x, 


6r6rnn 

ipL2U2 


Coefficient  used  in  representing 
X as  a function  of  the  product 
vr 

Second  order  coefficient  used 
in  representing  X as  a function 
of  v.  First  order  coefficient 
is  zero 

First  order  coefficient  used 
in  representing  X as  a function 
of  (T)-l)  VV 

Second  order  coefficient  used 
in  representing  X as  a function 
of  6r  at  t)  = 0.  First  order 
coefficient  is  zero 

Second  order  coefficient  used 
in  representing  X as  a 
function  of  t)  r r 


y' 


, 0* 

yB  = t 


Lateral  body  axis;  also  the  co- 
ordinate of  a point  relative  to 
the  origin  of  body  axes 

The  y coordinate  of  CB 


V 


The  y coordinate  of  CG 


= T 


A coordinate  of  the  displacement 
of  CG  relative  to  the  origin  of  a 
set  of  fixed  axes 


rri 


Y. 

r 


2 pL2U2 

= Y 
*pL2U2 
Y 


rr\ 


Y.  ' 
r 


rlrl 


ipL3U 

Y 

= — rTl 
4pl3u 

Y. 

r 

ipL4 

Y 


rlrl 

ipL4 


Hydrodynamic  force  component  along 
y axis  (lateral  force) 

Lateral  force  when  0 = 6r  = 0 


First  order  coefficient  used  in 
representing  Y as  a function  of  r 


First  order  coefficient  used  in 
representing  Y as  a function  of 

(n-i)  r 

Coefficient  used  in  representing 
Y as  a function  of  r 


Second  order  coefficient  in 
representing  Y /is  a function  of  r 
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I r 6r 


Y 


v 


Y 

VTJ 


Y. 

V 


Y 


v 


Y 


Y 


5r 


Y 


6rrj 


0 

8r 


6r 


n 

°ih 


♦ 


* 

* i 


O) 


! r ! 5r 


Y| rl 8r 
| pL3U 


Coefficient  used  in  represent  i nr. 

Y-  as  a function  of  r 

6r 


First  order  coefficient  used  in 
representing  Y as  a function  of  v 


Y ' 

vn 


Y 

V.T- 

\ pL2U 


First  order  coefficient  used  in 
representing  Y as  a function  of 

(ij-l) 


Coefficient  used  in  representing 
Y as  a function  of  v 


Coefficient  used  in  representing 

Y as  a function  of  r 
v 


Second  order  coefficient  used  in 
repr  senting  Y as  a function  of  v 


Y 


v | v 


fir 


fir 


2 PL*'j2 


First  order 
represent in; 

or  (n-i) 


Coe f f lc lent 


V.  ■ ac  9 

*v|v| 


used  in 
function 


First  order  coefficient  used  in 
representing  Y as  a function  of  6 r 


Y6,.., 

V pLa  U2 


First  order 
representing 

(n-D 


coefficient  used  in 

Ye  as  a function  of 
6r 


Angle  of  drift 


Deflection  of  rudder 

Steady  rudder  angle  at  ith  execute 
in  an  overshoot  or  zigzag  maneuver; 

i - 1,2,3 

. , firL 

or'  = Rudder  deflection  rate 


Ship  propulsion  ratio;  -j— ■ or  ■ 


lh 


ih 


Roots  of  characteristic  sta- 
bility equation  for  horizontal 
plane  motions,  1 = 1 or  2 


O)' 


0)L 

U 


Roll  angle 

Maximum  roll  angle  in  a maneuver 

Heading  or  yaw  angle 

Heading  angle  at  1th  execute  in 
an  overshoot  or  zigzag  maneuver, 
measured  from  value  at  first 
execute;  i = 2,3. .. . 

Rate  of  change  of  heading 


Height  of  loop  at  neutral  rudder 
angle  from  spiral  maneuver 

th 

Rate  of  change  of  heading  at  1 
execute  in  an  overshoot  or  zigzag 
maneuver;  i = 2,3 

Frequency  of  oscillation 


I 


* 
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APPENDIX  B - HISTORY  OF  PMM  AND  PMM  SYSTEMS 


A chronology  of  the  development  and  application  of  the  PMM  and  PMM  Systems  is  presented  herein.  The 


chronology  is  by  no 
for  marine  vehicle 

means 

testing 

complete.  However,  it  indicates  that  the  PMM  System 
throughout  the  world. 

concept  has  been  adopted 

DATE 

EVENT 

LOCATION 

July  1952 

Concept  of  PMM  first  developed  by  A. 

Goodman  for  use  in  determining  lateral 
stability  coefficients  of  aircraft 

NACA  Langley  Stability 
Tunnel,  Langley  Field, 
Virginia 

October  1956- 
June  1957 

DTMB  PMM  System  (MARK  I)  conceived, 
developed  and  placed  into  service  for 
submarine  model  testing  by  A.  Goodman 
and  M.  Gertler 

U.S.A. 

May  1959 

U.  S.  patent  for  PMM  System  filed 

U.S.A. 

September  1959 

Paper  presented  by  M.  Gertler  describing 

PMM  System 

Zagreb,  Yugoslavia 

September  1960 

Paper  presented  by  A.  Goodman  describing 
improved  PMM  System 

Third  ONR  Symposium 
Scheveningon,  Holland 

December  1961 

DTMB  PMM  System  MARK  II  placed  into 
service 

U.S.A. 

July  1962 

PMM  built  by  J.  R.  Paulling 

University  of  California 

September  1962 

U.  S.  Patent  3,052,120  granted 

U.S.A. 

October  1962 

PMM  System  built  by  HYDRONAUTICS , 

Incorporated  for  use  with  High-Speed 
Channel-hydrofoil  testing 

U.S.A. 

1962 

PMM  built  by  Delft  University  for  ship 
model  testing 

Holland 

1963 

PMM  System  supplied  by  HYDRONAUTICS, 

Incorporated  to  Bassin  d'Essais  des  Carenes 
for  submarine  model  testing 

France 

1964 

PMM  System  built  by  Tokyo  University  for 
ship  model  testing 

Japan 

1964 

PMM  System  built  by  HyA  for  ship  model 
testing 

Denmark 

1965 

PMM  System  built  by  Nagasaki  Technical 

Institute 

Japan 

August  1966 

Paper  presented  by  J.  Strom-Tejsen  and 

M.  S.  Chislett  on  HyA  PMM  System  used 
for  ship  model  testing 

Sixth  ONR  Symposium, 
Washington,  D.  C. 

May  1968 

PMM  System  supplied  by  HYDRONAUTICS, 

Incorporated  to  AEW  for  submarine  model 
testing 

U.K. 

November  1968 

PMM  Instrumentation  System  supplied  by 
HYDRONAUTICS,  Incorporated  to  DTMB 

U.S.A. 

December  1968 

PMM  System  built  by  HYDRONAUTICS, 

Incorporated  for  submarine  model  testing 
in  HSMB 

U.S.A. 

1969 

PMM  System  built  by  NSRDC  for  ship  model 
testing 

U.S.A. 

April  1969 

Lecture  on  PMM  for  ship  model  testing 
sponsored  by  AEW  and  University  College, 

London 

U.K. 

December  1970 

PMM  System  supplied  by  HYDRONAUTICS, 

Incorporated  to  Bassin  d'Essais  des  Carenes 
for  use  with  High-Speed  Channel 

France 

January  1971 

PMM  adapted  by  HYDRONAUTICS,  Incorporated 
for  ship  model  testing  in  HSMB 

U.S.A. 

1972 

Large-amplitude  PMM  built  by  HyA  for  ship 
model  testing 

Denmark 

1973 

Large-amplitude  PMM  built  by  AEW  for  ship 
model  testing 

U.K. 
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DATE 

EVENT 

LOCATION 

1974 

Large-amplitude  PMM  built  by  NSRDC  for 

SES  model  testing 

U.K. 

1974 

Various  large-amplitude  i 1 Systems 
built  by  University  of  Tokyo,  IHI,  and 

Nagasaki 

Japan 

1976 

CPMC  - A naval  facility  for  planar  motion 
testing  of  ship  models 

Germany 

1976 

Large-amplitude  horizontal  PMM  built  by 
HYDRONAUTICS , Incorporated  for  ship  model 
testing 

U.S.A. 

1976 

Large-amplitude  horizontal  PMM  built  by 
HYDRONAUTICS,  Incorporated  for  U.  S. 

Naval  Academy  (in  process) 

U.S.A. 

\ 

I 

t 

\ 


l 

\ 

I 


I 


APPENDIX  C - MATHEMATICAL  OPERATIONS  PERFORMED  BY 
INSTRUMENTATION  SYSTEM 


The  mathematical  operations  that  the  instrumenta- 
tion system  performs  automatically  is  described  in 
this  section. 

To  illustrate,  assume  a pure  swaying  condition 
which  results  in  a gage  signal  of  the  form 

Yn  * Y.  + Y sin  (wt  - <p)  (Cl) 

K K O 

which  can  be  written  as 

Y_  = Y.  + Y (cos  <p)  sinwt  + p-Y  (sin  £)]  cos  u)t  (C2) 

or 

Y„  * Y.  + Y.  sin  cot  + Y cos  u)t  (C3) 

R * in  out 

The  gage  signal  represented  by  Equation  (C3)  is 
impressed  across  the  sin-cos  potentiometer  which 
is  rotating  at  the  fundamental  frequency.  The 
output  of  the  sin-cos  pot  can  be  expressed  as: 

In-Phase 

Y_  sin  cot  = -i-  Py.  sin  cot  + Y.  sin2  cot 
R L w * in 

+ Y . coscot  sin  cot!  (CA) 
out  J 


Quadrature 

Y„  cos  cot  * Ty.  cos  ojt  + Y.  sin  cot  cos  wt 
R 2 * in 


+ Y cos2  cot]  (C3) 

out 


CAL 

Y„  * — Py.  + Y.  sin  cot  + Y cos  cot]  (C6) 

R 2 L * in  out  J 

As  shown  by  Equations  (CA)  , (C5)  and  (C6) , the 
gage  signal  is  divided  by  1/2  due  to  the  fact  that 
the  sin-cos  potentiometer  acts  as  a voltage  divider 
in  this  system. 

The  gage  signals  represented  by  Equations  (CA) , 

(C5)  and  (C6)  are  fed  into  the  integrating  digital 
voltmeter  and  the  following  operations  are 
performed : 


In-Phase 


j yr  sin  cotd(t)  m J f Y*  sin  ootd(t) 

) o 

1 nt 

+ j j sin2  cotd(t) 


Quadrature 


nT 

f 


+ — J Y cos  u>t  sin  ootd(t)  (C7) 
2 J out 
o 


nT 

U in 


. nT  „ 

Yn  cos  wtd(t)  “ -7-  Y 
R U out 


CAL 


nT 

/ 


nT 


Y d(t)  = ^ Y* 


(C8) 


(C9) 


(CIO) 


I 81 

Equations  (C8) , (C9)  and  (CIO)  can  be  expressed  in 
terms  of  the  normal  and  reverse  readings  and  the 
calibration  constant  as  follows: 

In-Phase 


Y.  = 
in 


= ± f YR  sin  utd<t>  S=S  i 


Quadrature 


^out  nT 


CAL 


nT 

/ 


= 2 


cos  uitd(t)  = 2 


(N-R) 


in 


nT  K 


'N-R) 

ou 

nT  K 


nT 


'*  = nT 


/ V 

O 

(N-R) 


d (t ) 


CAL 


(Cll) 


(Cl  2) 


nT  K 


(C13) 


where 


Y.  is  equal  to  Y cos  <£, 
in  o 

Y ^ is  equal  to  -Y  sin  A, 
out  o 

T is  the  period  of  oscillation  in  seconds, 

n is  the  number  of  periods  over  which  the 
signal  is  integrated, 

Kg  = ^dyn  *S  t*ie  stat*c  calibration  constant 
for  the  gage  (equal  to  the  dynamic 
calibration  constant) 

. counts  _ , 

in  except  as  noted, 

lb-sec. 

N is  the  normal  reading  in  counts,  and 
R is  the  reverse  reading  in  counts. 

It  should  be  noted  that  the  calibration  constant  in 
the  DYN-1  mode  is  0.1  of  the  static  constant.  In 


the  DYN-10 
are  equal. 

mode  the 
That  is, 

static  and  dynamic 

constants 

DYN-1 

K „„  = 0.1  K 

DYN  s 

(C14) 

DYN-10 

K „„  ' K 

DYN  s 

(C15) 

A similar  analysis  can  be  made  for  the  pure  yawing 
case.  The  operation  performed  by  the  electronic 
system  is  equivalent  to  determining  the  Fourier  co- 
efficients of  the  fundamental  of  the  gage  signal. 
This  same  type  of  data  analysis  can  also  be  per- 
formed by  the  carriage  digital  computer. 


•'< 

A 

* 


HI 
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APPENDIX  D - REDUCTION  OF  RESISTANCE  AND 
PROPULSION  DATA 

The  procedures  for  reducing  the  resistance  test 
data  to  nondimensional  coefficient  form  and  extrap- 
olating the  results  to  obtain  values  of  effective 
horsepower  (EHP)  for  the  prototype  full-scale  ship 
are  essentially  the  same  as  those  given  in  Ref. 

(25).  However,  an  additional  step  is  taken  to 
account  for  the  tank  blockage  correction  and  the 
ITTC  1957  Line  (Ref.  26)  is  used  in  lieu  of  the 
ATTC  1947  Line  for  the  frictional  resistance  co- 
efficients both  in  the  model  and  full-scale  ship 
ranges.  The  Scott  tank  blockage  correction  (Refs. 
27,  28)  is  currently  used  at  HSMB  for  all  specific 
design  test  work.  For  systematic  series  investi- 
gations, the  Hughes  method  (Ref.  29)  has  been  used 
mainly  because  it  was  the  most  widely  used  among 
the  modern  formulations  and  it  is  relatively 
simple  to  apply.  Comparative  results  obtained  with 
the  various  modern  blockage  correction  methods  are 
given  by  the  ITTC  Performance  Committee  in  Refer- 
ence 28.  The  Scott  method  as  applied  at  HSMB  en- 
tails an  effective  velocity  increase  based  on  the 
following  relationship: 


— = k,  VA  ~3/2  + k2  BL2A'3/2  (Dl) 

v T 

where 

v is  the  towing  carriage  speed, 

6v  is  the  effective  speed  increase  of  the 
model , 

V is  the  model  displacement  volume, 

B is  the  model  beam, 


model  frictional-resistance  coefficient  C for 
each  of  the  data  points  from  the  tables  oi  Refer- 
ence 26. 

4.  Calculate  values  of  residual-resistance 
coefficient  CR  as  follows: 


5 . Plot  values  of  CR  versus  Froude  number  F^t  * 
v/'-^/gL  based  on  corrected  speed  and  fair  the  re- 
sulting curve. 

To  obtain  EHP  values  in  the  prototype  ship  range 
proceed  as  follows: 

6.  Calculate  values  of  F corresponding  to  even 
speeds  in  knots  for  the  prototype  full-scale  ship 
and  enter  appropriate  curve  of  C versus  F to  ob- 
tain the  desired  faired  values  or  C . 

7.  Calculate  values  of  R for  full-scale  ship 
at  each  selected  speed  and  at  standard  conditions 
of  salt  water  of  3.5  percent  salinity  and  59  deg  F, 
and  obtain  values  of  ship  frictional-resistance 
coefficient  C^.  from  the  tables  of  Reference  24. 

8.  Calculate  values  of  total-resistance  coef- 
ficient for  the  full-scale  ship  at  each  even  speed 
as  follows: 


CTs  CTi 


C„  + C, 


Fs 


+ C. 


(D4) 


where  C^  is  the  correlation  allowance  coefficient 
and  varies  with  size  and  type  of  ship. 

9.  Convert  the  values  of  CTg  to  EHP  at  each 
speed  using  full-scale  dimensions  and  sea  conditions 
as  follows: 


L is  the  model  length, 

A is  the  cross-sectional  area  of  the 
T 

towing  tank, 


ki  is  an  empirical  correction  factor  which 
is  a function  of  Reynolds  number  ^ and 
1 / 3 — ^ 

the  form  factor  C V ' L 1 obtained  from 
Figure  4 of  Reference  28.  and 


k2  is  given  in  analytical  form  as 

k2 = 2.4(Fn-0.22)2  for  0.22  < FN  < 0.38 


k2  * 0 


for  F < 0.22. 

N 


In  general,  nearly  all  tests  conducted  to  date  at 
HSMB  have  been  below  F = 0.22  so  therefore  the 
k2  term  is  usually  neglected.  Also,  even  for  the 
large  full-bodies  models  tested  in  HSMB,  the  model 
speed  corrections  to  account  for  tank  blockage 
effects  rarely  exceed  two  percent. 

Based  on  the  foregoing,  the  procedureal  steps  used 
in  the  reduction  of  the  resistance  test  data  in 
the  model  range  are  as  follows: 

1.  Multiply  towing  carriage  speea  for  each  tun 
by  the  calculated  value  of  1 + 6v/v  to  obtain 
tabulated  values  of  model  resistance  in  pounds 
versus  effective  speed  based  on  tank  blockage  cor- 
rections for  each  model  test  condition. 

2.  Using  the  corrected  data,  calculate  values 
of  the  total-resistance  coefficient 


C 


Tm 


(D2) 


where  v is  the  corrected  speed. 

3.  Calculate  model  Reynolds  number  R^  = vL/v 
using  corrected  speed  and  obtain  the  values  of 


R-v  / f sv  3 \ 

EHP  = 550  = CTs[S5f  °- 689)  3 (D5) 


where  VR  is  the  ship  speed  in  knots. 

The  foregoing  procedure  is  programmed  on  the 
HYDRONAUTICS  META-4  Computer  to  be  carried  out  in 
two  stages:  reduction  of  test  data  in  model  range 
(Steps  1 through  4 including  automatic  plotting  of 
data  points  in  Step  5)  and  extrapolation  of  faired 
CR  versus  F^  values  to  full-scale  EHP  (Steps  6 
through  9) . Steps  1 through  4 and  6 through  9 are 
also  programmed  on  the  HSMB  carriage  computer  with 
manual  plotting  for  Step  5. 

The  procedures  for  reducing  and  analyzing  the  data 
derived  from  the  propulsion  tests  are  divided  in 
three  stages.  First,  the  measured  test  values  are 
processed  (including  application  of  no-loads  to  T 
and  Q)  to  obtain  final  model  values  of  v,  T,  Q,  n, 
and  R.;  where  v is  always  taken  as  carriage  speed 
(as  opposed  to  the  effective  speed  used  in  the  final 
reduction  of  the  resistance  test  data).  These  data 
are  then  reduced  to  nondimensional  coefficients  and 
cross-faired  against  related  parameters.  Finally, 
discrete  values  of  the  faired  coefficients  are  con- 
verted to  obtain  values  of  SHP  and  RPM  for  various 
even  speeds  in  knots  for  the  prototype  full-scale 
ship  of  specified  dimensions.  The  procedural  steps 
for  reducing  the  propulsion  test  data  starting  with 
the  second  stage  are  as  follows: 

1.  The  values  of  F , J , C * , PC,  1-t,  !C,  and 
K are  calculated  direct lyausing  the  final  mocel 
values  from  the  propulsion  tests  as  follows: 


J 

a 


v 

nD 


(D6) 
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J.-J 

^2 

ICE 

Eli 

IS7 

Si 
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i 

ft. 

- — ffc 

Ssj 

S3 

E? 
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- 

3b 

Ms 

■- 

Hi  I'l 

Hi  M 
f-  1'  I'l 

1 ^ I'l 

~*<SS 

* 

•;i 

Ti 


where 


R - 
m 

(-X)  R1' 

(D7) 

£ 

2 

Sv2  Sv2 

C at  the  ship-propulsion  point 
predicted  from  the  resistance  test 
results  (Equation  (D4)) 

PC  = 

Ri'v 

2TTQn 

(D8) 

1-t  = 

V 

T 

(D9) 

*T  = 

T 

(DIO) 

pnV 

9 

(Dll) 

kq  = 

pn2D5 

2.  The  values  of  K,^  and  K are  used  with  the 
open-water  characteristic  curves  for  the  same 
propeller  as  used  in  the  propulsion  tests  to  obtain 
the  true  advance  coefficients  J and  JtQ.  These, 
in  turn,  are  used  to  obtain  thetTaylor  wake  frac- 
tions for  thrust  and  torque  identity,  respectively, 
by  the  following  relationships: 


1 - JtT 

1 - w_  - — — 

T J 

a 

(D12) 

l - w = — ts 
wq  ja 

(D13) 

3.  The  values  of  the  propeller  open-water  ef- 
ficiency e are  also  obtained  from  the  propeller 
characteriltic  curve  at  the  corresponding  values 
of  J . Then  the  hull  efficiency  e and  relative 
rotative  efficiency  e can  be  obtained  from  the 
following  relationships: 

1-t 

Sh  " 1— w 

T 

(D14) 

PC 

(D15) 

rr  e * e, 

P h 

4.  For  the  overload  and  underload  type  of  pro- 
pulsion test  described  under  test  procedures,  the 
coefficient  data  (1-t,  1-w  , 1-w  , PC,  e , e , and 
e ) are  plotted  as  functions  of  "c  ' . "The*3 in- 
dividual coefficient  curves  are  faired  and  these 
curves  are  then  cross-faired  until  the  relation- 
ship given  in  Equation  (D15)  is  satisfied  over  the 
entire  range  of  C , ' values.  Where  a stock  pro- 
peller has  been  used,  the  curves  of  e and  PC  are 
arbitrary  with  respect  to  the  design  propeller  and 
are  therefore  not  usually  presented  along  with  the 
final  results. 

5.  For  the  ship-propulsion  point  type  of  test, 
the  data  are  treated  similarly  but  they  are  plotted 
as  a function  of  F . For  the  case  of  a specific 
design  propeller,  curves  of  J , PC,  and  e are 
given  in  the  final  plots.  Fo?  the  case  of  a stock 
propeller,  curves  are  usually  presented  for  J , PC, 
and  e which  correspond  to  an  optimal  propeller 

of  thl  same  diameter  as  the  stock  propeller  which 
is  obtained  from  the  Troost  Series  or  other  pro- 
peller series  data. 


1.8) 

The  faired  data  of  Step  5 can  be  converted  to  the 
dimensional  values  for  the  corresponding  standard- 
ship  prototype  as  follows: 

6.  At  each  value  of  F corresponding  to  the 
same  even  ship  speeds  in  knots  used  in  Step  9 of 
the  resistance  test  data  reduction  procedure,  read 
the  faired  values  of  PC  and  J . These  faired  values 
should  be  based  on  the  C^.^'  = C^,^  identify  using  the 
faired  results  of  the  overload  and  underload  tests 
(Step  4) . Then 

SHP  - ^ (D16) 

and 

rpm  = 101.33  (D17) 

a 


where 

is  the  ship  speed  in  knots  and 

D is  the  diameter  of  the  ship  propeller 
in  feet. 

The  foregoing  calculation  procedure  for  propulsion 
test  data  is  programmed  on  the  HYDRONAUTICS  META-4 
Digital  Computer  System.  Included  in  the  program 
is  automatic  plotting  of  the  coefficient  data; 
fairing  and  cross-fairing  are  done  manually.  A 
similar  programming  is  included  in  the  HSMB  Digital 
Computer  System,  but  data  plotting  is  done  manually 
as  the  test  progresses. 
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APPENDIX  E - REDUCTION  OF  DATA  AND  DETERMINATION 
OF  COMPLETE  SETS  OF  HYDRODYANMIC 
COEFFICIENTS  FROM  TESTS  WITH  HSMB 
LAHPMM 

In  all  cases,  the  data  derived  from  tests  performed 
with  the  HSMB  LAHPMM  System  are  first  reduced  to 
nondimensional  form  in  accordance  with  the  notation 
of  Appendix  A,  and  are  then  plotted  as  functions  of 
the  various  kinematic  variables  investigated.  The 
precise  manner  in  which  the  data  are  further  pro- 
cessed depends  upon  the  objectives  and  scope  of  the 
test  program.  Accordingly,  the  methods  used  in 
conjunction  with  the  results  of  reference  PMM  tests 
and  standard  PMM  tests  are  separately  discussed  in 
the  following  sections.  All  of  the  operations  de- 
scribed in  these  sections  have  been  programmed  both 
on  the  HYDRONAUTICS  META-4  and  HSMB  Carriage  Compu- 
ter Systems. 

Reduction  and  Analysis  of  Reference  PMM  Test  Data 


As  mentioned  earlier,  it  is  often  desirable  as  a 
matter  of  expediency  to  conduct  only  reference  PMM 
tests  for  a given  surface-ship  design.  This  is 
particularly  true  in  the  case  of  early  designs 
where  the  hydrodynamic  design  aspects  are  not  yet 
firmly  established.  In  such  cases,  engineering 
judgments  are  often  made  on  basis  of  an  analysis  of 
stability  and  control  derivatives  in  the  linearized 
equations  of  motion,  as  explained  in  the  following 
paragraphs . 

The  values  for  the  nondimensional  static  derivatives 
Y ',  N ' and  Y.  ',  N^'  are  taken  from  the  slopes 
tKrougK  zero  otrthe  appropriate  faired  curves  of 
Y',  N'  versus  @ and  6 r,  respectively.  In  general, 
the  derivative  is  based  on  the  average  slope  over 
at  least  +4  degrees  for  variation  of  either  S or  6r. 
All  angular  derivatives  are  given  as  per  radian. 

The  values  of  the  nondimensional  rotary  and  acceler- 
ation derivatives  are  derived  by  substituting  values 
from  the  graphs  of  the  in-phase  and  quadrature  force 
components  obtained  as  the  result  of  the  pure  side- 
swaying  and  pure  yawing  tests  into  the  reduction 
equations  in  Table  El  which  are  derived  in  Reference 
(15). 


TABLE  El 

REDUCTION  EQUATIONS  FOR  HORIZONTAL-PLANE 
ROTARY  AND  ACCELERATION  DERIVATIVES 


Y , 1 - m ' 
v m 


a[(Y*'}ln  + 
dv_  1 


N . ' - x„„ 1 m ' 
v CG  m 


x - (VW 

L 


5 V 1 
O 


Y ' - m « 
r m 


S[(Yr')out  + (Ye')Jut) 

•5r  1 


N ' - x 'm  ' 
r CG  m 


5r(Y..’'  , - (Y,')  . ! 

X ~ out  out 

L dr  ' 


Y.  ' - x 'm  ' 
r CG  m 


3f(Yr')ln  4 (Y.')ln1 

df*  ' 


N.’-I  ’ 

r zw 


xM(yi')ln  - (Y.')inl 
L df  ' 


An  estimate  of  the  inherent  directional  stability 
characteristics  of  a given  surface-ship  design  can 
be  readily  made  using  dynamic  stability  indices 
based  on  the  linearized  equations  of  motion  in  con- 
junction with  the  aforementioned  derivatives  ob- 
tained from  PMM  tests.  The  term  "inherent  direc- 
tional stability"  is  applied  herein  to  the  case  of 
"controls-f ixed"  dynamic  stability  of  a surface 
ship  in  the  horizontal  plane  of  motion.  A ship  is 
considered  to  be  inherently  directionally  stable  if, 
after  a disturbance  from  steady-state  motion  on 
straight  course,  it  resumes  its  steady  motion  on 
another  straight  course  (not  necessarily  in  the 
same  direction)  with  its  rudder  held  fixed  at  zero 
or  neutral  angle.  On  the  other  hand,  an  inherently 
directionally  unstable  ship  in  the  same  situation 
can  be  expected  to  end  up  in  a turn  of  stable 
equilibrium. 

The  linearized  differential  equations  of  motion  for 
the  yaw-sway  degrees  of  freedom,  referred  to  a 
right-hand  orthogonal  system  of  moving  axes  with 
the  origin  fixed  in  the  hull  (see  sketch  in  Appendix 
A),  are  written  in  nondimensional  form  as  follows: 

Y ’v'  + (Y.'-m’)v'  + (Y  ' -m ' ) r ' + (Y . ' -m ' x ' ) r ' 
v v r r G 


N V + (N. '-m'x  ' )v'  + (N  ' -m ' x ' ) r ' 
v v G r u 

+ (N.’-I  ' )r ' = -N,  '6r  (El) 
r z 6r 

If  the  origin  is  taken  at  the  center  of  gravity  of 
the  ship  in  accordance  with  the  standard  practice, 
xG  = 0 and  Equations  (El)  reduce  to 

Y 'v'  + (Y.’-mjv1  + (Y  ' -m ' ) r ' + Y.r' 
v v r v 


-Yx  ' Sr 
Sr 


N V + N.'v'  + N 'r'  + (N.'-I  ')r' 
v v r r z 


-N6r'5r  (Ela) 


If  Equations  (Ela)  are  equated  to  zero,  they  become 
the  linear  equilibrium  equations  corresponding  to 
the  condition  of  steady  straightline  motion  of  the 
ship  with  controls  fixed  at  zero  or  neutral  angle 
which  are  used  as  a basis  for  establishing  various 
dynamic  stability  indices.  The  following  quadratic 
equation,  based  on  the  equilibrium  linearized  equa- 
tions of  motion  is  known  as  the  characteristic 
stability  equation  for  the  .yaw-sway  mode: 

Ao2  + Bo  + C = 0 (E2) 


where  according  to  common  usage,  O in  this  case 
denotes  the  nondimensional  quantity  o'  = o(L/U)  and 


A 

B 

C 


(Y.'-m')  (N.'-I  ') 
v r z 


Y.'N.' 
r v 


Y '(N.'-I  ')  +N  '(Y.  '-m') 
v r z r v 


- N.  ' (Y  ’-m')  -Y.'N  ' 
v r r v 


'N  ' - N ' (Y  '-m') 
it  v r 


The  two  roots  of  Equation  (E2),  known  as  the  non- 
dimensional  stability  indices,  are  given  by 


(E3) 
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For  a ship  to  be  inherently  directionally  stable 
(with  controls  fixed),  the  values  of  the  roots  of 
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Equation  (E2),  denoted  hereinafter  as  the  stability 
roots  a.  ' and  must  both  be  negative.  One  of 

the  stability  roots  a,  1 is  usually  always  negative 
and  therefore,  the  other  (least  stable  root)  or 
O^'  is  often  referred  to  as  the  stability  index. 

The  nondimens ional  stability  index  CFj.  ',  which  is 
based  on  derivatives  normalized  on  L,  is  quite 
satisfactory  for  comparing  the  effects  of  differ- 
ent appendages  on  the  same  hull.  However,  for  the 
purpose  of  comparing  directional  stability  among 
candidate  ships  of  widely  different  hull  propor- 
tions, such  as  that  due  to  L/B  or  B/T,  a stability 
index  based  on  equal-volume  prototypes  perhaps  may 
be  more  meaningful.  Accordingly,  a stability  index 
defined  as 


has  been  adopted  to  suit  such  purposes. 

The  so-called  dynamic  stability  lever  is  another 
criterion  suggested  for  evaluating  degree  of  in- 
herent directional  stability  which  has  recently 
gained  favor  particularly  among  the  Europeans 
(Refs.  19,  20).  The  dynamic  stability  lever, 
derived  by  dividing  the  C term  of  the  character- 
istic stability  equation  (E2)  by  the  product 

Y ' (Y  '-m'),  is  defined  as 
v r 


r v 


where  i ' and  l ' are  the  damping  lever  and  static 
stability  leverv  which,  respectively,  locate  the 
longitudinal  centers  of  rotary  force  and  static 
force  acting  on  the  ship  with  respect  to  the  ref- 
erence point  (center  of  gravity).  For  dynamically 
stable  ships  l ’-l  ' > 0 which  means  that  the 
center  of  rotary  force  must  lie  forward  of  the 
center  of  static  force.  On  the  other  hand,  for 
dynamically  unstable  ships  i ' -f.  ' <0  and  the 
center  of  static  force  lies  aheat}  of  the  center 
of  rotary  force.  The  positive  or  negative  magni- 
tudes of  i ' are  considered  to  provide  a measure 
of  the  degree  of  dynamic  stability  or  instability, 
respectively. 

In  addition  to  determining  inherent  directional 
stability,  it  is  often  desirable  in  advance  of 
computer  simulation  studies  to  have  some  means  for 
evaluating  inherent  control  effectiveness  on  which 
to  base  judgments  in  the  early  design  stage.  For 
a given  ship  design,  the  nondimensional  control 
derivatives  Y^  ' and  Nir'  in  themselves  can  provide 
some  indications  of  relative  changes  in  rudder 
effectiveness  that  can  be  expected  due  to  changes 
in  size  or  other  parameters  affecting  rudder  per- 
formance. Unfortunately,  these  derivatives  do  not 
provide  a good  measure  of  the  adequacy  of  the  rud- 
der in  terms  of  the  hull  on  which  it  is  installed, 
a matter  of  importance  particularly  when  dealing 
with  hulls  of  widely  differing  proportions. 

A design  criterion  that  has  been  used  primarily 
for  submarines  to  determine  the  required  degree  of 
control  effectiveness  is  the  so-called  dimensional 
angular  acceleration  parameter  cp  (Ref.  2).  It  has 
been  demonstrated  empirically  that  cp  is  related 
to  the  time  t2  required  to  make  an  initial  pitch 
angle  or  heading-angle  change  of  5 degrees.  As 
applied  to  the  case  of  surface  ships,  this  param- 
eter is  defined  as  follows: 


where 

N^6r  is  the  dimensional  value  of  the  yawing 
moment  imparted  to  the  ship  at  a given 
speed  for  a specified  rudder  deflection 
6r,  and 

(N.-I  ) is  the  dimensional  value  of  the  total 
V z 

moment  of  inertia  of  the  ship  includ- 
ing that  due  to  hydrodynamic  added 
mass. 


A chart  showing  the  relationship  between  cp  and  t2 
for  an  execute  heading-angle  change  ip  of  5 degrees, 
6r  = 20  deg,  and  a rudder  deflection  rate  Or  of  2.3 
deg/sec  is  presented  in  Reference  7.  The  chart  was 
derived  from  the  results  of  computer  simulated  20-20 
zigzag  maneuvers  using  the  standard  techniques 
described  in  this  paper.  The  chart  was  originally 
prepared  for  the  case  of  large  bulk  carrier  mer- 
chant type  ships.  However,  it  should  be  generally 
applicable  to  ships  of  any  typeor  size  for  the 
specified  values  of  j;,  6r,  and  6r. 


Determination  of  Complete  Set  of  Hydrodynamic 
Coefficients  from  Standard  PMM  Tests 


For  convenience  to  the  users  and  other  interested 
persons,  the  procedures  used  at  HSMB  to  arrive  at 
the  numerical  values  for  the  complete  set  of  stand- 
ard deep-water  hydrodynamic  coefficients  used  for 
computer  simulation,  such  as  that  given  in  Table  2, 
are  reviewed  in  this  appendix.  Because  of  the 
nature  of  the  functional  relationships  involved, 
the  procedures  applied  to  the  coefficients  for  the 
lateral  force  and  yawing  moment  equations  are  dis- 
cussed separately  from  those  applied  to  the  coef- 
ficients for  the  axial  force  equations.  In  general, 
most  of  the  operations  described  herein  have  been 
programmed  on  both  the  HYDR0NAUTICS  META-4  Digital 
Computer  System  and  the  HSMB  Carriage  Computer 
System. 

In  the  lateral  force  and  yawing  moment  equations 
of  the  Standard  Equations  of  Motion  given  in  this 
paper,  all  terms  except  the  "q-dependent"  terms 
shown  on  the  last  two  lines  in  each  case,  are  con- 
sidered to  constitute  the  so-called  reference 
equations.  As  a matter  of  standard  practice,  the 
numerical  values  of  the  coefficients  for  these  terms 
are  derived  from  the  reference  PMM  tests  which  are 
always  conducted  for  the  case  of  ship-propulsion 
point  defined  as  q = 1.0.  This  approach  is  par- 
ticularly advantageous  for  ship  types  which  might 
not  have  the  rudder (s)  operating  in  the  propeller 
slipstream,  and  consequently  the  values  of  the  q- 
dependent  terms  (departure  from  q = 1.0)  are  often 
small  enough  to  be  neglected  in  most  computer  sim- 
ulation studies.  Moreover,  for  simulation  of  small- 
scale  maneuvers  of  normal  single-screw  types,  where 
the  changes  in  speed  are  small,  the  q-dependent 
terms  sometimes  can  be  neglected  if  desired  as  a 
matter  of  simplification. 

For  the  reference  equations,  the  lateral  force  Y 
and  yawing  moment  N data  obtained  from  the  PMM 
tests  conducted  at  q = 1.0  are  first  reduced  to 
nondimensional  form  Y'  and  N'  in  accordance  with 
the  normalization  formulas  given  in  the  notation  of 
Appendix  A.  The  resulting  values  of  Y'  and  N'  are 
then  plotted  and  faired  as  functions  of  each  of  the 
appropriate  nondimensional  kinematic  variables  such 
as  v',  v',  r',  r'  and  6r.  Finally,  a least  square 
fit  is  applied  to  the  faired  data  representing  each 
of  the  functional  relationships  to  obtain  the  de- 
sired nondimensional  coefficients.  Certain  of  these 
functional  relationships  are  known  to  be  linear  from 
considerations  of  theory,  such  as  those  of  the 
acceleration  or  "added  mass"  variety  typified  by 

Y.',  Y.',  N.',  and  N.'.  In  such  cases,  only  a 
v r r v 
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straightline  fit  is  made,  and  the  resulting 
numerical  values  can  be  used  interchangeably  as 
first  order  coefficients  in  the  Standard  Equations 
of  Motion  or  as  derivatives  in  the  linearized 
equations  of  motion.  A straightline  fit  is  also 
used  in  other  cases  where  it  is  evident  from  the 
test  data  that  the  functional  relationship  can  be 
closely  approximated  by  such  a fit  over  the  entire 
range  of  practical  interest.  Here  again,  the  re- 
sulting values  can  be  treated  either  as  first  order 
coefficients  or  as  derivatives.  For  nonlinear 
functional  relationships,  the  least  square  fits 
are  made  to  polynomials  which  are  carried  up  only 
to  second  order  coefficients.  For  these  cases, 
the  numerical  values  of  the  first  order  coeffi- 
cients associated  with  the  second  order  fits  are 
not  necessarily  equal  to  those  of  the  correspond- 
ing derivatives  used  for  analyses  based  on  the 
linearized  equations.  It  may  be  noted  that  all  of 
the  second  order  coefficients  in  the  reference 
equations  involve  the  use  of  absolute  values  of 
certain  kinematic  variables.  This  is  done  to 
assure  the  proper  signs  in  the  computer  repre- 
sentations, and  is  comparable  to  the  use  of  third 
order  coefficients  for  odd  functions  in  the  Taylor 
expansion  method  (Ref.  21).  The  values  of  the 
coupling  coefficients  in  the  reference  equations, 
such  as  Y i and  N|  . ',  are  derived  by  applying 
first  ordBrleast  square  fits  to  plots  of  Y'  and 
N'  versus  the  products  v'|r'|  and  |v1r',  respectively, 
using  data  obtained  from  PMM  tests  of  the  type 
shown  by  Figure  Id. 

All  of  the  coefficients  of  the  q-dependent  terms 
in  the  lateral  force  and  yawing  moment  equations 
are  considered  to  be  of  first  order.  Their  values 
are  based  on  linear  fits  to  the  values  of  the  vari- 
ous nondimensional  Y-force  and  N-moment  derivatives 
effectively  plotted  as  functions  of  q-1,  which  are 
derived  from  the  aforementioned  overload  and  under- 
load PMM  tests.  Among  these  coefficients  Y,  ' and 
N,.  ' play  the  most  important  role  particularly  for 

sin§le-screw  merchant  ship  types.  This  is  because 
of  the  strong  dependence  of  the  rudder  force  and 
moment  coefficients  on  the  relative  velocity  of 
the  propeller  slipstream  as  discussed  earlier.  The 
values 
closely 

and  4.0.  This  adequately  covers  the  cases  of  most 
types  of  maneuvers  of  interest  including  tight 
steady-turning  maneuvers  wherein  the  loss  of  speed 
for  essentially  constant  propeller  RPM  can  amount 
to  as  much  as  75  percent.  The  only  exception  is 
the  stopping  maneuver  which  involves  q values  be- 
low 0.5  and  extending  well  into  the  negative  re- 
gion. For  accurate  simulation  of  the  lateral 
motions  in  such  maneuvers,  a supplementary  repre- 
sentation or  subroutine  is  used  to  account  for  the 
rudder  coefficients  affected. 

The  axial  force  equation  is  an  essential  part  of 
the  basic  mathematical  model  and  must  be  properly 
evaluated  to  provide  an  accurate  means  for  simu- 
lation of  all  ship  maneuvers  involving  significant 
speed  changes.  This  includes  simulation  of  not 
only  acceleration  and  deceleration  maneuvers,  but 
also  of  large-scale  maneuvers  initiated  from  a 
condition  of  steady  straightline  motion  with  pro- 
peller RPM  held  essentially  constant  throughout 
the  maneuver.  Accordingly,  a substantial  portion 
of  the  standard  PMM  test  program  is  devoted  to 
mathematically  modeling  the  effects  on  X-force  of 
varying  each  kinematic  variable  with  particular 
emphasis  on  the  contribution  of  the  q variation. 

The  numerical  values  for  the  coefficients  X.', 

X and  X ' are  associated  with  a value  Bf  q » 
lY8.  They  are  generally  derived  from  the  reference 


of  Y,  ' and  N-  ' given  in  Table  2 apply 
to  a range  of °q  values  between  about  0.5 


PMM  tests  by  a process  similar  to  that  for  the 
corresponding  lateral  force  coefficients.  The 
value  of  X ',  which  has  an  important  effect  on 
loss  of  speed  particularly  in  large  - scale  maneu- 
vers, is  also  associated  in  the  reference  equations 
with  q = 1.0.  It  is  derived  by  applying  a first 
order  fit  to  a plot  of  X'  versus  the  product  vr 
using  data  from  the  PMM  coupling  tests.  The  values 
for  X ' are  obtained  experimentally  by  a process 
similarto  that  used  for  the  q-dependent  lateral 
force  coefficients.  The  remaining  X-coef f icients 
are  treated  somewhat  differently  and  therefore  are 
discussed  in  more  detail  in  the  following  paragraphs. 

The  net  or  unbalanced  force  required  to  change  the 
speed  of  the  ship  in  straightline  motion  (8  = Ar  = 

0)  from  one  steady  value  to  another  is  represented 
in  the  axial  force  equation  by  the  expression 

2 LV  [3i  + bin  + Cin2] 
which  is  equivalent  to 


f [ V’ 


+ b.uu  + c 
i c 
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given  in  the  Standard  Equations  of  Reference  18. 

The  values  of  the  coefficients,  a^,  b^  and  c^  are 
obtained  by  direct  experimental  means  from  overload 
and  underload  PMM  or  propulsion  tests  by  the  follow- 
ing process : The  X data  measured  for  the  case  of 
6 = 6r  = 0 with  model  RPM  varied  to  provide  a range 
of  q values  between  -1.0  and  4.0  are  first  reduced 
to  nondimensional  form  in  accordance  with  the 
Notation.  The  values  of  X'  so  obtained  are  plotted 
and  faired  as  a function  of  q’ . The  resulting 
curve  is  then  shifted  by  a constant  AX'  so  that,  at 
the  ship-propulsicn  point  q = 1.0,  the  value  of 
X'  = 0.  The  values  of  a , b , c are  then  obtained 
by  applying  quadratic  fits  to  the  curve  of  X'  versus 
q for  the  prototype  ship.  Due  to  the  nature  of 
this  curve,  the  standard  practice  is  to  fit  the 
curve  in  three  or  four  segments  depending  on  the 
range  of  q values  to  be  covered  in  a given  problem. 

It  should  be  emphasized  that  the  foregoing  expres- 
sion represents  the  difference  between  the  so- 
called  "delivered  propeller  force"  and  the  non- 
propelled  resistance  of  the  ship  at  the  given  speed. 
This  is  in  contrast  to  the  propeller  thrust  used 
by  many  investigators  (Refs.  15,  20)  which  requires 
an  adjustment  for  thrust  deduction  usually  based 
on  estimates.  On  the  other  hand,  the  delivered 
propeller  force  is  effectively  equal  to  T(l-t)  over 
the  entire  range  of  propeller  loadings.  Thus  at  a 
steady  speed  corresponding  to  the  condition  q = 1.0, 
the  delivered  propeller  force  is  equal  to  the  ship 
resistance  and,  for  the  segment  fits  in  Table  2, 

(a2  + b2  + C2)  = 0.  For  the  case  of  q = 0,  a2  = 
a3  = X ',  and  the  delivered  propeller  force  is 
zero.  u¥he  total-resistance  coefficient  correspond- 
ing to  ship-propulsion  point  at  q = 1.0  is  numer- 
ically related  to  X 'as  follows: 


T L 


(E7) 


The  X-forces  due  to  rudder  deflection  also  have  a 
strong  influence  on  speed  changes  particularly  for 
large-scale  maneuvers  such  as  steady-turning  man- 
euvers. The  relative  magnitudes  of  these  forces 
become  greatly  compounded  when  propeller  slipstream 
effects  are  superimposed,  as  is  the  case  with  the 
single-screw  ship  types  covered  by  this  investiga- 
tion. Accordingly,  a somewhat  different  method  is 
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used  herein  to  represent  the  rudder-force  coeffi- 
cients in  the  axial  equation  than  that  used  in  the 
Standard  Equations  of  Reference  18  which  dealt 
mainly  with  submarines  whose  control  surfaces  were 
generally  located  ahead  of  the  propeller.  It  may 
be  seen  that  the  present  method  uses  the  second 
order  coefficient  X,  , ' to  represent  X*  as  a 
function  of  6r  referred  to  n - 0.  and  the  second 
order  coefficient  X,  , 'to  represent  X.  , ' , as 
a function  of  n.  TnIsrJS  in  contrast  to  Rerlrence 
18  which  uses  the  second  order  coefficient  X.  . ' 
to  represent  X'  as  a function  of  6r  referred °tor 
n - 1. 0 and  the  first  order  coefficient  X,  , 'to 
represent  X^  g ' as  a function  of  n-1.  ^ 

The  numerical  values  of  the  rudder-force  coeffi- 
cients in  the  axial  equation  are  obtained  by 
direct  experimental  means  from  the  overload  and 
underload  PMM  tests  previously  described.  This  is 
accomplished  as  follows:  The  X'  values  for  the 
case  of  r|  * 0 are  first  plotted  as  a function  of 
6r  in  radians  squared.  The  slope  of  the  resulting 
straightline  fit  is  then  the  desired  value  of 
X,  , ' at  ri  ■ 0.  Similar  slopes  are  obtained  for 
otfieF  discrete  values  of  n covering  a range  up  to 
iq  - 4.0  maximum.  The  resulting  values  of  X,  , 1 
including  that  for  n » 0 are  then  plotted  against 
qJ.  The  slope  of  the  straightline  fit  through 
these  data  is  then  the  desired  value  of  X,  , ' . 

It  is  of  interest  to  note  that  an  excellent  r it  to 
the  experimental  data  is  obtained  by  this  process 
over  the  entire  range  of  iq  values  between  0 and 
4.0  whereas  the  fit  using  the  linear  variation 
with  n-1  in  accordance  with  Reference  18  results 
in  values  of  X,  , 1 which  depart  significantly 
from  the  data  particularly  at  values  of  n in  ex- 
cess of  2.0. 
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APPENDIX  F - DEFINITIVE  MANEUVERS  USED  AS  STANDARD 
FOR  SURFACE-SHIP  MANEUVERING  STUDIES 

The  term  definitive  maneuvers  has  been  adopted  to 
describe  a class  of  maneuvers  designed  solely  to 
reveal  objective  or  numerical  measures  of  specific 
handling  qualities  of  ships  or  other  marine  vehi- 
cles. Some  of  these  maneuvers  may  resemble  opera- 
tional maneuvers.  It  is  highly  desirable  if  this 
is  the  case  since  the  numerical  measures  derived 
from  such  a definitive  maneuver  will  then  have  a 
more  direct  significance  to  the  operator.  There 
are  two  general  types  of  definitive  maneuvers, 
those  which  define  inherent  qualities  of  a ship 
resulting  from  its  hydrodynamic  design  and  are 
independent  of  the  man  or  control  mechanisms  in  the 
loop;  and  those  which  define  qualities  associated 
with  the  complete  ship-control  system  and  are  de- 
pendent on  the  responses  of  the  man,  automatic 
control  equipment,  and  control  linkages  in  the  loop. 

Maneuvers  which  define  inherent  qualities  are  con- 
sidered preferable  because  they  directly  provide 
specific  numerical  measures  from  a single  maneuver 
of  a given  type.  Also,  these  measures  are  indica- 
tive of  the  maximum  potentialities  of  the  ship 
system  without  qualification  as  to  the  efficiency 
of  the  operator  (or  other  internal  control  system 
components)  in  executing  the  maneuver.  On  the 
other  hand,  maneuvers  which  define  qualities 
associated  with  the  complete  system  are  much  more 
cumbersome  and  time  consuming.  Such  a maneuver 
must  be  repeated  many  times  with  several  operators, 
possessing  varying  degrees  of  skill,  to  furnish 
data  which  then  must  be  statistically  analyzed  to 
obtain  the  desired  figures  of  merit.  Nevertheless, 
there  are  cases  where  the  latter  type  of  maneuver 
must  be  used  if  certain  handling  qualities  are  to 
be  directly  manifested.  The  following  list,  by  no 
means  all  inclusive,  are  the  kinds  of  handling 
qualities  that  operators  should  reasonably  expect 
from  surface  ships  in  general,  some  of  which  are 
not  always  possible  to  achieve  particularly  in  the 
case  of  large,  single-screw  bulk  carrier  ship  types: 

1.  The  ability  to  maintain  course  with  a small 
amount  of  heading  error,  course  error,  and  rudder 
activity. 

2.  The  ability  to  initiate  a course  change 
rapidly. 

3.  The  ability  to  check  a course  change  rapidly 
with  small  overshoots  in  heading  angle  and  width  of 
path. 

4.  The  ability  to  execute  an  efficient  steady- 
turning maneuver  with  small  tactical  diameter, 
advance,  and  transfer. 

5.  The  ability  to  accelerate  and  decelerate 
rapidly  yet  retaining  good  control. 

6.  The  ability  to  maneuver  in  and  out  of  harbors 
ahead  and  astern  at  slow  speeds  without  tug 
assistance. 

A wide  variety  of  definitive  maneuvers  have  been 
used  ‘n  the  past,  and  others  might  conceivably  be 
used  in  the  future,  to  provide  a basis  for  evalua- 
ting handling  qualities  such  as  those  given  on  the 
preceding  list.  Oviously,  many  of  these  maneuvers 
involve  similar  modes  of  performance  and  to  this 
extent  overlap  each  other  in  defining  certain  types 
of  handling  qualities.  Consequently,  in  selecting 
standard  definitive  maneuvers,  one  can  go  from  one 
extreme  by  considering  too  few  types  and  perhaps 
overlooking  some  important  handling  qualities  to 
the  other  extreme  by  utilizing  too  many  and  thus 
overburden  trial  schedules  and  produce  excessive 
amounts  of  data.  To  keep  the  computer  simulation 
program  within  bounds,  as  well  as  to  satisfy  the 
four  main  objectives,  the  spiral,  zigzag,  and 


steady-turning  maneuvers  were  selected  as  standard 
on  which  to  base  the  evaluation  of  inherent  or  open- 
loop  characteristics  of  the  ship. 

The  following  sections  describe  each  type  of  defin- 
itive maneuver  in  terms  of  how  it  would  be  perform- 
ed on  the  actual  ship  and  presents  typical  results 
obtained  for  a representative  ship  type  obtained  by 
means  of  the  computer  simulation  technique.  In 
keeping  with  the  concept  of  definitive  maneuvers, 
all  derived  numerical  measures  are  expressed  dimen- 
sionally in  real  time  and  distance.  It  is  felt  that 
such  numbers  are  more  meaningful  and  within  the 
perspective  of  the  operators.  Futhermore,  they  will 
ultimately  serve  as  a better  basis  for  handling 
quality  specifications  since  they  can  be  checked 
directly  in  acceptance  trials.  If  it  is  desired, 
however,  to  utilize  the  data  in  analyses  involving 
different-sized  ships,  the  dimensional  values  can 
be  readily  converted  to  nondimens ional  ones  by  use 
of  appropriate  normalizing  factors. 

Spirals 

The  spiral  is  a definitive  maneuver  which  is  intend- 
ed to  provide  quantitative  measures  of  the  inherent 
directional  stability  characteristics  of  a ship. 

These  characteristics  can  be  used  to  impute  course- 
keeping potentialities.  The  basic  spiral  maneuver 
can  be  conducted  on  ships  without  special  instru- 
mentation as  follows: 

1.  The  propeller  speed  is  adjusted  to  an  rpm 
corresponding  to  a predetermined  speed  (either  ahead 
or  astern).  Once  a steady  rpm  is  achieved,  the 
throttle  settings  are  not  changed  for  the  balance  of 
the  maneuver. 

2.  The  rudder  is  manipulated  as  necessary  until 
a "practically"  straight  course  has  been  obtained 
and  held  for  one  minute. 

3.  The  rudder  is  then  deflected  to  about  IS 
degrees  right  and  held  until  the  rate  of  change  of 
heading  as  indicated  by  the  gyro  compass  and  a stop- 
watch remains  constant  for  one  minute  (or  longer  if 
required  in  specific  cases  such  as  the  VLCC's).  The 
rudder  angle  is  then  decreased  by  5 degrees  and  held 
again  until  the  rate  of  change  of  heading  remains 
constant  for  one  minute.  The  procedure  is  repeated 
until  the  rudder  has  covered  a range  of  from  15  de- 
grees on  one  side  to  15  degrees  on  the  other  side 
and  back  again  to  20  degrees  on  the  first  side.  For 
5 degrees  on  either  side  of  zero  or  neutral  rudder 
angle,  the  intervals  are  taken  in  one  degree  steps. 
For  ships  equipped  with  a rate  gyro,  each  rudder 
setting  in  Step  3 is  held  until  the  heading-rate 
reading  on  the  gyro  becomes  steady.  A similar  pro- 
cedure is  followed  in  the  computer  simulation. 

The  numerical  measures  associated  with  the  basic 
spiral  maneuver  are  derived  from  measured  values  of 
the  steady  rate  of  change  of  heading  versus  rudder 
angle.  A plot  of  these  variables  is  indicative  of 
the  inherent  directional  stability  characteristics 
of  the  ship.  If  the  plot  is  a single  continuous 
curve  going  from  right  rudder  to  left  rudder,  the 
ship  is  said  to  be  inherently  directionally  stable. 

On  the  other  hand,  if  the  plot  consists  of  two 
branches  joined  together  to  form  a "hysteresis  loop", 
such  as  is  shown  for  a typical  bulk  carrier  type 
ship  in  Figure  FI  , the  ship  is  said  to  be  inherently 
directionally  unstable.  In  such  case,  the  size  of 
the  loop  (height  and  width),  as  defined  by  Figure  FI  , 
can  be  used  as  a numerical  measure  of  the  degree  of 
instability;  the  larger  the  loop,  the  more  unstable 
the  ship.  The  height  of  the  loop  is  a more  direct 
measure  of  inherent  instability  since,  for  a given 
rudder  planform,  it  will  be  the  same  regardless  of 
whether  the  rudder  is  all  movable  or  flapped  whereas 
the  width  of  the  loop  is  affected  by  the  control 
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effectiveness  of  the  rudder  as  well.  However,  the 
width  of  the  loop  is  a fairly  direct  indication  of 
probable  coursekeeping  ability  since  it  governs  the 
envelope  of  rudder  angles  which  must  be  employed  to 
keep  the  ship  from  swinging  from  port  to  starboard. 

As  is  typical  of  single-screw  ships,  there  is  a 
shift  of  the  loop  to  starboard.  Therefore,  the 
height  of  the  loop  is  defined  herein  as  that  taken 
at  the  center  of  the  loop  or  at  neutral  rather  than 
zero  rudder  angle. 

In  recent  years,  it  has  been  the  tendency  in  foreign 
ship  trials  to  employ  the  "reverse"  spiral  tech- 
nique, attributed  to  Bech,  in  lieu  of  the  basic 
spiral,  particularly  for  large  bulk-carrier  ship 
types  which  are  apt  to  be  inherently  directionally 
unstable.  The  advantage  of  this  technique  is  a 
substantial  saving  in  time  and  sea  room.  To  per- 
form such  a maneuver,  it  is  necessary  that  the  ship 
be  equipped  with  a rate  gyro  and  preferably  with 
an  autopilot  system.  The  procedure  is  to  actively 
steer  the  ship,  with  as  small  rudder  excursions  as 
possible,  to  achieve  each  of  a number  of  constant 
turning  rates.  The  average  rudder  angle  corre- 
sponding to  each  constant  turning  rate  is  then 
plotted  in  the  same  manner  as  for  the  basic  spiral 
maneuver.  However,  instead  of  the  hysteresis  loop, 
the  so-called  S-curve  is  obtained  from  the  reverse 
spiral  for  the  case  of  unstable  ships.  From  com- 
parisons of  full-scale  trial  data  for  a number  of 
ships,  "it  has  been  concluded  that  the  two  tech- 
niques, when  properly  applied  will  yield  identical 
results  apart  from  points  within  the  instability 
loop  of  unstable  vessels  which  can  be  measured  only 
by  means  of  the  reversed  technique"  (Ref.  30)*  The 
reverse  spiral  technique  can  be  readily  applied  to 
computer  simulations,  as  has  been  demonstrated  by 
other  investigators,  and  the  necessary  subroutine 
is  now  being  incorporated  in  the  existing  computer 
program  at  HSMB. 

Zigzags 

The  zigzag  is  a definitive  maneuver  which  is  intend- 
ed to  provide  quantitative -measures  of  the  inherent 
effectiveness  of  the  rudder  in  making  changes  in 
heading  or  width  of  path.  The  kinds  of  handling 
qualities  revealed  by  this  maneuver  are  typified 
by  the  ability  to  both  initiate  and  check  course 
changes  during  transient  maneuvers.  The  first  half 
cycle  of  the  zigzag  maneuver,  known  as  the  overshoot 
maneuver,  provides  most  of  the  numerical  measures 
of  interest  from  the  standpoint  of  evaluating  hand- 
ling qualities  of  merchant  ships.  A typical  pro- 
cedure for  conducting  zigzag  maneuvers  on  ships 
without  the  use  of  special  instrumentation  is  as 
follows : 

1.  The  propeller  speed  is  adjusted  to  an  rpm 
corresponding  to  a predetermined  speed  and  when  a 
steady  rpm  is  achieved,  the  throttle  settings  are 
not  changed  for  the  balance  of  the  maneuver. 

2.  The  rudder  is  manipulated  as  necessary  until 
a "practically"  straight  course  has  been  obtained 
and  held  for  one  minute. 

3.  After  steady  conditions  on  straight  course 
have  been  established,  the  initial  heading  shown  on 
the  ships  gyro  compass  is  noted.  The  rudder  is 
then  deflected  at  maximum  rate  to  a predetermined 
angle,  say  20  degrees,  and  held  until  a predeter- 
mined execute  change  of  heading  angle,  say  20  de- 
grees, is  reached. 

4.  At  this  point,  the  rudder  is  deflected  at 
maximum  rate  to  an  opposite  (checking)  angle  of  20 
degrees  and  held  until  the  ship  passes  through  its 
initial  course  to  complete  the  overshoot  phase  of 
the  maneuver. 

3.  If  a zigzag  is  to  be  completed,  the  maneuver 
is  continued  until  a second  execute  of  20  degrees 
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to  the  other  side  is  reached.  Whereupon,  the  rud- 
der is  again  deflected  rapidly  to  an  angle  of  20 
degrees  in  the  first  direction.  This  cycle  is  re- 
peated through  3rd  and  4th  executes  and  so  on. 

In  the  following  paragraphs,  a designation  such  as 
20-10  is  used  to  denote  a zigzag  or  overshoot  man- 
euver which  is  conducted  with  maximum  rudder  angles 
of  +20  degrees  and  the  execute  heading  change  is  10 
degrees.  The  standard  maneuver  usually  included  in 
maneuvering  trials  is  the  20-20  zigzag,  although 
other  combinations  are  also  used.  The  5-5  zigzag 
has  been  advocated  as  a means  for  evaluating  direc- 
tional stability  of  full-form  ships. 

Figure  F2  shows  the  time  history  of  heading-angle 
and  path  change  obtained  from  a simulated  20-20 
zigzag  maneuver  with  a typical  bulk  carrier  type 
ship.  As  shown  by  the  figure,  the  primary  numerical 
measures  obtained  from  the  overshoot  maneuver  are 
the  time  to  reach  execute  change  of  heading  angle, 
overshoot  heading  angle,  and  overshoot  width  of 
path.  The  zigzag  maneuver  provides  the  additional 
measures  of  reach  and  period  which  are  perhaps  more 
significant  for  frequency  response  analyses  than 
establishment  of  handling  qualities.  The  time  to 
reach  execute  is  a direct  numerical  measure  of 
ability  to  rapidly  initiate  changes  in  course.  The 
heading  and  path-width  overshoots  are  measures  of 
course-checking  ability  and  are  indicative  of  the 
amounts  of  anticipation  and  latitude  of  error  that 
the  helmsman  is  permitted  if  he  is  to  remain  within 
tolerable  limits  of  the  maneuver.  It  should  be 
mentioned  that,  for  real  ships,  path-width  data  re- 
quire elaborate  instrumentation  and  therefore  are 
seldom  obtained  on  ship  trials,  whereas  such  data 
are  easily  acquired  in  the  computer  simulation. 

The  ability  to  initiate  and  check  a course  change 
rapidly  is  one  of  the  most  important  handling  qual- 
ities of  a ship.  This  is  particularly  true  for  bulk 
carrier  ship  types  which  operate  in  restricted  areas 
where  there  is  a risk  of  collision  and  major  pollu- 
tion. In  such  a situation,  it  is  desirable  for  a 
ship  to  have  the  capability  of  making  a moderate 
heading  change  rapidly  to  avoid  an  obstacle  on  the 
one  hand,  but  then  be  able  to  check  its  swing  to 
avoid  another  obstacle  or  grounding  the  ship  on  the 
other  hand.  The  first  half  cycle  of  the  20-20  zig- 
zag or  the  so-called  overshoot  maneuver,  provides 
an  excellent  means  for  objectively  evaluating  this 
inherent  capability  irrespective  of  questions  such 
as  human  response  and  instrumentation.  On  a com- 
parative basis,  the  best  ship  is  the  one  which  com- 
bines the  least  time  to  reach  the  execute  heading 
change  with  the  smallest  overshoot  heading  angle 
and  width  of  path.  These  characteristics  are  not 
always  compatible  since  they  depend  both  on  the  in- 
herent control  effectiveness  and  degree  of  inherent 
directional  stability  or  instability.  The  following 
trends  are  expected  to  apply  when  comparing  numer- 
ical measures  from  20-20  overshoot  maneuvers  for 
ships  of  equal  size  having  equal  control  effective- 
ness but  with  different  degrees  of  inherent  sta- 
bility or  instability: 

1.  The  time  to  reach  the  execute  heading-angle 
change  should  be  about  the  same. 

2.  The  overshoot  heading  angle  should  become 
smaller  as  the  degree  of  inherent  instability  is 
decreased. 

3.  The  overshoot  width  and  total  width  of  path 
should  both  be  decreased  as  the  degree  of  inherent 
instability  is  decreased. 

Turning  Circles 

The  turning  circle  is  a definitive  maneuver  which  is 
intended  to  provide  quantitative  measures  of  the 
effectiveness  of  the  rudder  in  producing  steady- 
turning characteristics.  It  is  the  oldest,  most 
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familiar,  and  most  widely  used  of  the  definitive 
maneuvers.  Certain  of  the  handling  qualities  de- 
fined by  this  maneuver  were  generally  considered 
to  be  more  important  to  naval  than  to  most  sea- 
going merchant  ship  applications.  With  the  advent 
of  VLCC's,  however,  these  handling  qualities  have 
recently  received  a considerable  amount  of  atten- 
tion particularly  with  regard  to  situations  such 
as  turning  around  in  harbors  or  restricted  areas. 

The  standard  procedure  for  the  conduct  of  such 
maneuvers  on  an  actual  ship  are  as  follows: 

1.  The  propeller  speed  is  adjusted  to  an  rpm 
corresponding  to  a predetermined  speed  and  when  a 
steady  rpm  is  achieved,  the  throttle  settings  are 
not  changed  for  the  balance  of  the  maneuver. 

2.  The  rudder  is  manipulated  as  necessary  until 
a "practically"  straight  course  has  been  obtained 
and  held  for  one  minute. 

3.  After  steady  conditions  on  straight  course 
have  been  established,  the  initial  heading  on  the 
ship's  gyro  compass  is  noted.  The  rudder  is  then 
laid  to  a predetermined  angle,  say  35  degrees,  and 
held  until  a change  of  heading  of  generally  at 
least  540  degrees  has  occurred  at  which  point  the 
maneuver  is  terminated. 

Figure  F3  shows  path  data  from  a simulated  35- 
degree  starboard  steady-turning  maneuver  performed 
for  a typical  bulk  carrier  type  ship.  The  numer- 
ical measures  of  primary  interest  are  the  tactical 
diameter,  advance,  transfer,  and  steady-turning 
diameter,  as  defined  on  the  figure,  and  also  the 
times  to  change  heading  90  and  180  degrees,  and 
speed  loss  in  turning.  All  of  these  measures 
should  be  taken  into  consideration  in  defining 
handling  qualities  associated  with  this  type  of 
maneuver. 

Stopping  Maneuvers 

In  addition  to  the  three  primary  types  of  defin- 
itive maneuvers,  simulated  stopping  maneuvers  are 
regularly  performed.  To  perform  such  studies,  it 
is  necessary  to  have  a time  history  of  the  propel- 
ler rpm  which,  for  new  ship  designs,  is  usually 
provided  by  the  customer  based  on  the  character- 
istics of  other  similar  ships.  The  time  history 
of  change  in  propeller  rpm  simulated  for  a typical 
bulk  carrier  ship  type  is  shown  in  Figure  F4 . 
Typically  the  following  three  types  of  stopping 
maneuvers  are  performed  in  this  phase  of  the  eval- 
uation (assuming  ideal  conditions  of  calm  sea, 
unrestricted  deep-water,  and  no  wind): 

1.  Uncontrolled  - rudder  held  fixed  at  zero 
angle  throughout  the  entire  maneuver. 

2.  Controlled  - rudder  manipulated  during  the 
maneuver  by  means  of  a well  adjusted  autopilot  just 
enough  to  maintain  original  course. 

3.  Fishtailing  - rudder  is  moved  back  and  forth 
through  large  right  and  left  rudder  angles  at  max- 
imum deflection  rate  to  aid  in  slowing  the  ship. 

The  simulated  path  for  each  of  these  three  types  of 
stopping  maneuvers  is  shown  by  Figure  F5  for  the 
same  ship  whose  rpm  time  history  is  given  by  Figure 
F4 . The  primary  numerical  measures  obtained  from 
such  stopping  maneuvers  are:  head  reach,  side 
reach,  total  heading  change  from  base  course,  and 
time  to  reach  zero  speed. 

Of  course,  the  foregoing  types  of  stopping  maneuvers 
are  not  too  useful  for  predicting  actual  ship  be- 
havior due  to  the  neglect  of  important  effects  such 
as  those  due  to  shallow-water,  currents,  wind,  and 
waves.  Furthermore,  for  similar  reasons,  it  is 
more  difficult  to  apply  the  data  to  correlation 
studies.  Nevertheless,  they  do  provide  guidance  in 
the  design  stage  for  evaluating  the  relative  effect- 
iveness of  auxiliary  stopping  devices. 
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(a)  STATIC  DRIFT  ANGLE  TEST  Sin/3  = -jj- 

|8  Varies  , c 

'I'  = 0 

8r  = 0 y = 0 


(b)  STATIC  RUDDER  ANGLE  TEST 

P = 0 j 

6f  Varies 


(c)  STATIC  DRIFT  AND  RUDDER  ANGLE  TEST 
/ 3 Varies 
8r  Varies 
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Fig.  3:  Schematic  of  HSMB  LAHPMM  system 
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(b)  Elevation  view 

Fig.  4:  Integrated  surface  ship  towing  system  used  for  resistance,  propulsion  and  LAHPMM  tests 
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Fig.  5:  HSMB  LAHPMM  with  MARINER  model  attached 

(a)  View  of  LAHPMM  frame,  strongback,  model  and  propulsion  system 


Fig.  6:  Swaying  carriage  servo-ball-bearing  jack  screw  drive  system 
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Fig.  7:  Two-axis  servo  controller 
(a)  Exterior  view 
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Fig.  7:  (b)  Interior  view 
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Fig.  9:  Function  generator  and  resolver  assembly 
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Fig.  12:  Arrangement  for  tests  in  shallow  water  using  the  LAHPMM 
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YAWING  ANGULAR  PARAMETER, 


Fig.  14:  Comparison  between  results  obtained  from 
LAHPMM  yawing  mode  tests  with  rotating  arm  tests 
for  the  MARINER.  0 = 0 condition 
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TIME , minutes 

Note:  20-20  Z maneuver  simulation 
run  with  exactly  ±20  degrees  rudder 
changes . 

Fig.  16:  Comparison  between  full-scale  and  computer 
simulated  trajectories  for  a 20-20  zigzag  maneuver  of  the 
MARINER 
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Fig.  15:  Comparison  between  full-scale  and  computer 
simulated  trajectories  for  a spiral  maneuver  at  approach 
speed  of  15  knots  of  the  MARINER 


TRANSFER  IN  YARDS 

Fig.  17:  Comparison  between  full-scale  and  computer 
simulated  trajectories  for  a turn.  Approach  speed  of  15.4 
knots;  20.9  degrees  right  rudder 
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(A)  ADVANCE,  TRANSFER  AND 
TACTICAL  DIAMETER 


(B)  FINAL  TURNING  DIAMETER 
DRIFT  ANGLE,  TURNING 
RATE  AND  FINAL  SPEED 


6r0EGREES 


Fig.  18:  Comparison  between  full-scale  and  computer  simulated  trajectories  for 
steady-turning  maneuvers  of  the  MARINER 
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Fig.  F5:  Path  during  simulated  stopping  maneuvers  for  a typical  bulk  carrier  ship  type  at  an  approach  speed  of  16  knots 


C P M C — A NOVEL  FACILITY  FOR  PLANAR 
MOTION  TESTING  OF  SHIP  MODELS 


O.  GRIM,  P.  OLTMANN,  S.  D.  SHARMA  and  K.  WOLFF 
Institut  fur  Schiffbau,  Hamburg,  Germany. 


The  Computerized  Planar  Motion  Carriage  (CPMC)  recently  operationalized  at  Hamburg  for  better  determina- 
tion of  ship  maneuverability  has  several  novel  features.  Carriage  controls  were  specifically  designed  for 
generating  transient  motions.  Superposition  of  four  independent  drives  can  generate  any  realistic  horizon- 
tal planar  motion.  A freely  programmable,  process-control  computer  executes  carriage  control,  model  con- 
trol, data  acquisition  and  run  evaluation.  The  CPMC  can  operate  either  in  the  towing  mode  (for  measuring 
hydrodynamic  forces  on  captive  models  moved  along  predetermined  trajectories)  or  in  the  tracking  mode  (for 
following  and  recording  trajectories  of  freely  maneuvering  models).  Sample  results  of  inaugural  experi- 
ments in  each  mode  are  presented. 


INTRODUCTION 

Purpose 

The  purpose  of  this  paper  is  to  introduce  to  the 
international  community  of  naval  hydrodynamicists 
a novel  model-testing  facility  recently  operation- 
alized at  Hamburg  with  the  aim  of  determining  the 
maneuvering  capabilities  of  ships  more  accurately 
and  completely  than  was  previously  possible.  We 
have  chosen  to  call  it  CPMC,  an  abbreviation  for 
Computerized  Planar  Motion  Carriage.  It  incorpo- 
rates the  pertinent  features  of  a conventional 
towing  carriage  and  of  special  devices  for  con- 
ducting maneuvering  experiments  such  as  rotating 
arms,  so-called  planar  motion  mechanisms,  and  xy- 
carriages.  Besides,  it  has  several  unique  capabi- 
lities, not  available  to  our  knowledge  in  any 
existing  single  facility,  such  as  independent  mul- 
tiple drives  in  3 degrees  of  freedom,  generation 
of  precise  transient  motions,  alternative  towing 
and  tracking  modes,  and  flexible  computer  pro- 
gramming of  carriage  controls,  model  controls,  data 
acquisiton  and  run  evaluation.  The  audience  will 
hopefully  agree  with  the  organizers  that  the  CPMC 
is  a suitable  subject  for  the  opening  paper  of  a 
Symposium  devoted  to  the  "Unsteady  Hydrodynamics  of 
Marine  Vehicles". 

Brief  history  of  PMMT 

In  the  context  of  tankery  the  term  planar  motion 
model  testing  (PMMT)  has  come  to  connote  in  recent 
years  the  determination  of  velocity  and  accelera- 
tion dependent  hydrodynamic  forces  on  ocean  ve- 
hicles by  generating  idealized  planar  motions 
(either  horizontal  or  vertical)  of  captive  models 
in  a tank,  recording  the  resulting  forces  and  fi- 
nally analysing  and  synthesizing  the  data  in  a 
manner  appropriate  to  the  chosen  mathematical  form 
for  the  equations  of  motion.  Simply  steady  speed 
rectilinear  oblique  towing  or  even  circular  ro- 
tating am  tests  are  not  considered  PMMT.  In  this 
particular  sense  of  the  tern  the  first  published 
results  of  PMMT,  to  the  authors'  knowledge,  were 
those  of  Horn  and  Walinski  (1958,  1959).  They 
used  a pair  of  cranks  of  20  cm  radius  to  generate 


nearly  pure  harmonic  sway  and  yaw  motions  of  a cap- 
tive ship  model  in  the  Versuohsanstalt  fUr  Wasser- 
bau  und  Schiffbau,  Berlin.  It  is  a pity  that  this 
pioneering  and  comprehensive  paper,  which  contains 
a complete  recipe  for  generating  purer  yaw  motions 
by  means  of  a pair  of  Scotch  yokes  rather  than 
slider  cranks  and  for  analysing  the  recorded  forces 
has  been  almost  totally  ignored  in  the  pertinent 
literature.  The  tern  planar  motion  mechnism  (PMM) 
was  of  course  coined  by  Gertler  (1959)  and  Goodman 
(1960)  to  denote  an  ingenious  two-point  slider- 
crank  oscillator  of  1 inch  radius  designed  mainly 
for  testing  submarine  models  at  the  David  Taylor 
Model  Basin  (DTMB)  near  Washington,  D.C.  This  PMM 
system  and  subsequent  improved  versions  are  report- 
ed to  have  been  operating  successfully  at  DTMB  for 
almost  two  decades  now,  although  nearly  all  the 
results  seem  to  be  classified.  It  was  followed  up 
by  similar  devices  all  over  the  world:  Paulling  and 
Sibul  (1962)  reported  a PMM  at  the  University  of 
California,  Berkeley  (of  2 inch  maximum  sway  am- 
plitude) ; Keil  and  Thiemann  (1963)  at  the  Institut 
fttr  Schiffbau,  Hamburg  (6  cm);  Zunderdorp  and 
Buitenhek  (1963)  at  the  Technological  University, 
Delft  (30  cm);  Motora  and  Fujino  (1965)  at  the  Uni- 
versity of  Tokyo,  Tokyo  (35  cm);  Strrfm-Tejsen  and 
Chislett  (1966)  at  the  Hydro-  og  Aerodynamisk  La- 
boratorium,  Lyngby  (10  cm);  Fujii  (1969)  at  the 
Nagasaki  Experimental  Tank,  Nagasaki  (47  cm); 
Chislett  and  Smitt  (1972)  again  at  the  Hydro-  og 
Aerodynamisk  Laboratorium,  Lyngby  (75  cm) , and  this 
list  is  certainly  not  complete.  The  most  outstand- 
ing published  results  seem  to  be  firstly  by  Leeuwen 
(1964),  who  thoroughly  investigated  frequency  ef- 
fects, Froude-number  effects  and  effects  of  rudder 
and  propeller  on  a standard  Series  60  model,  and 
secondly  by  Strrfm-Tejsen  and  Chislett  (1966)  con- 
tinued in  Chislett  and  Smitt  (1974)  who  demon- 
strated how  to  identify  well  over  50  empirical 
coefficients  in  the  nonlinear  equations  of  motion 
in  3 degrees  of  freedom  and  to  obtain  predictions 
for  full  scale  maneuvers  in  fair  conformity  with 
actual  trial  trip  results. 

“References  are  identified  by  author(s)  and  year 
and  listed  in  alphabetical  order  by  first  author, 
and  if  necessary  in  chronological  suborder,  at 
the  end  of  the  text. 
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In  a series  of  papers  Bishop  et  al.  (1970,1973, 
1973,  1974,1974)  took  a critical  look  at  the  PMMT 
technique  and  pointed  up  the  need  for  neatly  se- 
parating formally  linear  memory  (motion  history) 
effects  from  truly  nonlinear  effects  in  modelling 
hydrodynamic  forces  as  functionals  of  motions. 

Using  the  classical  technique  of  Fourier  trans- 
forms they  also  demonstrated,  although  only  within 
the  linear  range,  the  equivalence  of  representing 
memory  effects  either  through  impulse  response  or 
through  frequency  response  functions.  This  had  al- 
ready been  exploited  earlier  by  Cummins  (1962)  and 
Kotik  and  Mangulis  (1962),  at  least  for  ship 
motions  in  the  vertical  plane.  According  to  Burcher 
(1975)  and  Nomoto  (1975)  the  general  consensus 
among  maneuvering  experimenters  now  seems  to  be 
that  memory  effects  are  not  a genuine  problem  of 
any  realistic  ship  maneuvers  but  rather  an  artifi- 
cal  problem  of  PMMT  created  by  the  use  of  low  am- 
plitude, high  frequency  devices.  Leeuwen  (1969) 
had  already  reached  this  conclusion  several  years 
ago  and  proposed  a horizontal  oscillator  of  ex- 
tremely large  amplitude  (about  375  cm)  and  low  fre- 
quency in  order  to  simulate  ship  motions  realisti- 
cally. 

Motivation  for  CPMC 


When  the  Institut  ftir  Sohiffbau  der  Universit&t 
Hamburg  (IfS)  joined  hands  with  the  Hamburgisohe 
Schiffbau-Versuchsanstalt  (HSVA)  - and  with  the 
Technische  Universitat,  Hanover,  and  the  Germani- 
saher  Lloyd,  Hamburg  - to  form  a special  research 
pool  for  shipbuilding  designated  the  Sonderfor- 
schungsbereich  Sohiffbau (SFB  98)  in  1970,  an  oppor- 
tunity arose  at  least  to  plan  (and  partially  to 
build)  new  ship  model  testing  facilities  on  a 
rather  grand  scale.  In  particular,  one  of  the  pro- 
jects entitled  "Safety  of  Ships  against  Collisions" 
called  for  a new  technique  of  determining  the  ma- 
neuvering capability  of  ships  more  accurately  and 
completely  than  hitherto  considered  possible.  The 
team  (Keil,  Oltmann  and  Sharma)  responsible  for 
planning  an  experimental  device  for  this  purpose 
was  at  first  considering  a PMM  of  about  80  cm  am- 
plitude which  would  have  fitted  well  into  the  trend 
of  so-called  large  amplitude  PMM  which  seemed  to  be 
roughly  doubling  in  amplitude  every  eight  years 
since  1958.  However,  a chance  discussion  with  Pro- 
fessors Gerritsma,  Glansdorp  and  Meier  at  Hamburg 
in  early  1971  soon  convinced  us  that  such  a device, 
while  presumably  acceptable  for  routine  tests,  would 
be  totally  inadequate  as  a research  tool.  Only  a 
device  of  the  magnitude  proposed  by  Leeuwen  (1969) 
could  be  expected  to  lead  to  an  improved  mathema- 
tical model  for  the  hydrodynamic  forces  as  func- 
tionals of  motions,  which  was  needed  to  calculate 
radical  maneuvers  typical  of  collision  avoidance  at 
the  last  minute.  After  thorough  internal  delibera- 
tions three  firms  were  invited  to  submit  feasibi- 
lity studies  for  various  alternatives  which  were 
scrutinized  by  independent  reviewers  appointed  by 
the  Deutsche  Forschungsgemeinschaft,  which  was  to 
share  the  financing  with  the  HSVA.  The  ultimate 
product  which  emerged  was  CPMC,  the  subject  of  this 
paper.  Just  to  complete  the  chronology  we  add  that 
the  building  contracts  were  awarded  to  Messrs. 

Kempf  4 Remmers,  Hamburg,  and  to  Siemens  AG,  Er- 
langen and  Hamburg,  in  1972;  the  detailed  designs 
were  completed  in  1973,  and  assembly  began  in  1974. 

The  final  adjustments  and  comprehensive  acceptance 
trials  took  up  the  better  part  of  1975.  The  CPMC 
was  formally  declared  operational  on  8 October 
1975.  An  advance  announcement  had  been  made  in  a 
note  to  the  14th  ITTC  by  Krappinger  and  Sharma ( 1 975). 
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Abbreviations 
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Computerized  planar  motion  carriage 
Hamburgisohe  Schiffbau-Versuchsanstalt 
Institut  filr  Sohiffbau,  Hamburg 
International  Towing  Tank  Conference 
Amplifier 
Servomotor 

Proportional  control 

Proportional-integral  control 

Planar  motion  mechanism 

Planar  motion  model  testing 

Paper  tape 

Paper  tape  input 

Paper  tape  output 

Sonderforschungsbereich  Sohiffbau 

Tachometer 

Teletype 

Teletype  console 


Beam  of  model 

Basic  control  cycle  (10  ms) 

Increments  of  xq,  yo,  tp  in  time  step  Ot 

Frequency  in  cycles  per  second 
Froude  number 

Acceleration  due  to  gravity 
Armature  current 

Moment  of  inertia  of  model  about  the 
Xj  y or  z axes 

Hydrodynamic  moments  about  the  x,y,z  axes 
Length  of  model  (between  perpendiculars) 
Mass  of  model 

Rate  of  revolutions  of  propeller  (motor) 
Coordinate  origin  defined  in  the  model, 
usually  at  midship  in  the  waterplane 
Rates  of  turn  about  the  x,  y,  z axes 
Period  of  oscillation;  also  model  draft 
Time 

Resultant  velocity  of  0 in  the  horizontal 
plane 

Initial  value  of  V in  the  approach  phase 

Component  of  U along  x,  y,  z axes 
Hydrodynamic  forces  along  x3  y,  z axes 
Coordinate  axes  moving  with  the  model 
Coordinates  of  model  center  of  gravity 

Coordinates  of  0 in  a tank-fixed  system 

Position  of  main  carriage  with  respect 
to  tank 
Drift  angle 

Position  of  Ax  -subcarriage  with  respect 
to  its  nullpoint 

Tracking  lag,  i.e.  position  of  0 with 
respect  to  a reference  point  of  the  CPMC 
Rudder  angle 

Position  errors  (actual  value  minus  re- 
quired value)  of  x , yQ  and  \)> 

Mass  density  of  water 

Angles  of  roll,  pitch  and  yaw 

Circular  frequency  in  radians  per  second 


Note  - ITTC  standard  symbols  have  been  used  as  far 
as  possible.  A prime  denotes  that  the  quantity  has 
been  nondimensionalized  using  as  fundamental  units 
pL3/2  for  mass,  L for  length  and  L/Utor  time.  A dot 
denotes  time  derivative  as  usual.  A hat  is  used  to 
denote  some  constant  values  of  a motion  variable, 
usually  the  amplitude. 
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DESIGN  DECISIONS 
General  considerations 

The  basic  philosophy  leading  to  the  design  of  the 
CPMC  has  already  been  outlined  in  the  Introduction. 
The  general  idea  was  to  build  a device  capable  of 
generating  on  the  model  scale  every  realistic  hor- 
izontal motion  of  which  a merchant  ship  of  any 
type  is  capable.  The  purpose  of  the  following  re- 
marks is  to  justify  some  of  the  major  choices 
which  had  to  be  made  at  the  concept  formulation 
stage  and  for  drafting  the  technical  specifica- 
tions as  a basis  for  the  building  contract.  Natu- 
rally, many  of  these  choices  were  dictated  by  the 
given  features  of  the  three  main  facilities,  which 
were  already  present  and  had  to  be  integrated  into 
the  total  system,  viz.  the  towing  tank  (280  m x 
18  m x 6 m),  the  main  carriage  (a  relatively  soft 
framework  structure  of  nearly  50  Mg  mass) , and  the 
general  purpose  process-control  computer  (Siemens 
301) . 

At  this  point  it  is  useful  to  recall  that  a typi- 
cal motion  required  in  PMMT  is  a harmonic  variation 
of  pure  yaw  at  constant  forward  speed  and  zero 
drift  angle,  e.g. 

!j;(t)  = i{jsin(u)t),u(t)  = y,V(t)  = 0,  (1) 

alternatively  in  tank-fixed  coordinates: 

=0cos  (tjisinujt) , y0  =t/sin(ijjsinwt) , in  (to*)  (2) 

Evidently,  this  involves  the  perfect  combination 
of  a constant  speed  in  the  tank  longitudinal  direc- 
tion with  periodic  pure  oscillations  each  in  the 
tank  longitudinal  direction,  the  tank  transverse 
direction  and  about  a vertical  axis.  If  maximum 
realistic  yaw  rates  are  to  be  attained  without 
exceeding  maximum  realistic  yaw  accelerations, 
transverse  amplitudes  on  the  order  of  a model 
length  are  necessary,  cf.  Leeuwen  (1969).  With 
model  lengths  typically  lying  in  the  range  of  6 to 
8 m at  the  HSVA  this  implied  utilizing  essentially 
the  entire  available  tank  width  for  the  transverse 
oscillation  and  established  a rather  gigantic  mag- 
nitude for  the  projected  device! 

Carriage  mounting  versus  trailer 

It  was  decided  to  mount  the  oscillating  device  on 
an  independent  trailer  rather  than  on  the  main 
towing  carriage  for  the  following  reasons.  Firstly, 
the  carriage  was  not  considered  a sufficiently 
stiff  base  for  measuring  forces  on  captive  models 
in  unsteady  motion.  Due  to  a steady  addition  of 
equipment  during  the  past  20  years  it  had  also 
already  reached  its  maximum  designed  weight  of 
about  50  tons.  Any  permanent  structural  reinforce- 
ment of  the  carriage  to  increase  its  stiffness  or 
carrying  capacity  would  have  caused  a substantial 
increase  in  mass  with  deterioration  of  its  dyna- 
mic performance  (and  hence  a reduction  of  the  use- 
ful length  of  run  at  high  speeds)  even  for  non- 
oscillatory  tests.  The  trailer,  of  course,  would 
be  hooked  to  the  carriage  only  for  PMMT.  Finally, 
the  trailer  mounted  system  would  cause  during  its 
assembly,  testing  and  servicing  a minimum  distur- 
bance to  the  routine  operation  of  the  carriage, 
which  is  the  primary  source  of  income  for  the  HSVA 
and  normally  in  use  16  hours  a day,  5 days  a week. 

Single  versus  multiple  drives 

It  is  considered  an  ingenious  feature  of  existing 
PMM  that  fully  coordinated  transverse  and  rotary 
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motions  of  the  model  can  be  derived  by  means  of 
mechanical  linkages  from  the  rotation  of  a single 
drive  shaft.  However,  this  works  well  only  for 
small  amplitudes.  If  the  concept  is  extended  to 
amplitudes  on  the  order  of  a few  meters,  with  the 
possible  additional  requirement  of  a longitudinal 
oscillation,  the  size  and  complexity  of  the  link- 
ages becomes  simply  ridiculous.  Hence  we  chose 
mechanically  independent  drives  in  3 degrees  of 
freedom,  i.e.  3 independent  subcarriages  for  super- 
imposing arbitrary  motions  Ax0  (t) , i/o  (t)  and  [p(t) 
on  the  generally  uniform  motion  (t)  of  the  main 
carriage.  The  subdivision  of  the  motion  (t)  in 
the  tank  longitudinal  direction  into  an  almost 
steady  component  Xc  (t)  and  an  oscillatory  component 
Axo  (t)  served  the  dual  purpose  of  avoiding  having 
to  periodically  accelerate  the  enormous  mass  of 
the  main  carriage  and  of  achieving  very  accurate 
motion  control  using  the  light  subcarriage  as  a 
corrective  for  compensating  for  unwanted  fluctu- 
ations of  main  carriage  speed. 

Steady  speed  versus  transient  control 

In  principle  any  periodic  motion  can  be  derived 
mechanically  from  the  uniform  rotation  of  a drive 
shaft.  Exploiting  this  fact  control  units  of  exist- 
ing PMM  are  only  required  to  maintain  discrete  ste- 
ady speeds  of  the  drive  shaft  in  face  of  varying 
load  during  the  run.  Having  already  dispensed  with 
the  mechanical  linkages  for  reasons  just  explained, 
we  took  another  bold  step  and  demanded  precise 
transient  motion  control  in  face  of  varying  loads. 
Each  subcarriage  would  run  on  rails,  driven  by 
suitable  rack  and  pinion  mechanisms,  so  that  the 
revolutions  of  the  driving  motors  must,  in  general, 
continuously  vary  in  proportion  to  the  required 
subcarriage  speed.  Thus  we  sacrificed  simplicity  of 
controls  lor  the  sake  of  mechanical  simplicity  and 
complete  flexibility  of  motion.  Perfect  phase  coor- 
dination of  the  independent  drives  could  now  only 
be  achieved  by  providing  an  input  signal  of  extrem- 
ely high  temporal  and  spatial  resolution  and  using 
a sophisticated  hybrid  control  system.  Theoretical 
calculations  and  simulation  studies  revealed  that 
it  would  suffice  to  use  a basic  control  cycle  of 
10  ms  and  feed  in  new  trajectory  coordinates  from 
a process-control  computer  once  in  every  cycle. 

Additional  tracking  mode 

Having  demanded  the  capability  of  practically  arbi- 
trary horizontal  planar  motion  within  the  entire 
tank  area,  it  was  a logical  next  step  to  introduce 
an  additional  operating  mode  in  which  the  CPMC 
would  physically  follow  a ship  model  maneuvering 
freely  in  the  tank.  Here  the  CPMC  would  form  a base 
for  exchange  of  energy  and  information  with  the 
model  through  a loose  umbilical  cable  cord,  thus 
eliminating  the  nasty  problems  of  energy  storage 
and  wireless  telemetry.  Moreover,  the  model  trajec- 
tory could  be  measured  with  high  precision  and 
resolution  built  into  the  control  hardware  for  the 
towing  mode . 

Hydraulic  versus  electric  drives 

Careful  feasibility  studies  carried  out  by  the  Ver- 
einigte  Flugzeugbau-Werke , Bremen,  and  Siemens  AG, 
Erlangen,  in  1971  indicated  that  the  specified  dy- 
namic performance  of  the  three  subcarriages  in  both 
operating  modes  could  be  attained  by  servosystems 
using  either  hydraulic  or  electric  motors.  We  chose 
electric  drives  for  reasons  of  economy,  comparabi- 
lity, and  elimination  of  the  risk  of  contaminating 
the  tank  water  by  an  accidental  leakage  of  oil. 
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HARDWARE 

General  features 

The  front  view  photograph  (Fig.  1)  conveys  a gen- 
eral impression  of  the  CPMC  relative  to  the  tank 
cross  section.  The  tank  is  aligned  roughly  in  the 
east-west  direction  and  this  picture  was  taken 
looking  west  with  the  trailer  in  front  and  the 
towing  carriage  in  the  background.  The  spine  of  the 
trailer  is  an  extremely  stiff  closed  box  girder  of 
steel  measuring  about  20  m in  length,  2 m on  the 
side  and  1 cm  wall  thickness  reinforced  internally 
by  web  frames.  Its  lowest  natural  frequeny  in  any 
bending  mode  is  above  6 Hz.  At  each  end  are  plat- 
forms carrying  racks  of  electrical  hardware  strict- 
ly separated  into  power  processing  on  the  north 
and  signal  processing  on  the  south.  The  trailer 
runs  on  four  wheels  of  hardened  steel  with  a dia- 
meter of  70  cm,  base  of  4 m and  span  of  over  18  m. 

It  is  constrained  to  the  south  rail  by  horizontal 
guide  wheels  at  the  center.  When  not  in  use  it  is 
parked  at  the  east  end  of  the  tank  and  with  its 
overall  length  of  only  6 m it  practically  does  not 
affect  the  routine  operation  of  the  300  m towing 
tank.  For  use  it  can  be  mechanically  hooked  to  the 
towing  carriage  by  two  tie  rods,  one  on  each  side, 
each  rod  being  provided  with  universal  joints  at 
both  ends.  For  power  and  signal  exchange  there  are 
multipoint  cable  connectors  on  the  north  and  south 
side  respectively.  The  entire  coupling  or  decoup- 
ling operation  takes  no  more  than  15  min. 

The  general  arrangement  of  the  various  subcarriages 
is  depicted  in  Fig.  2.  The  y -carriage  runs  under 
the  box  girder  practically  over  the  entire  width  of 
the  tank  and  carries  two  short  longitudinal  rails 
over  which  the  Ar  -carriage  runs.  The  i|i-carriage, 
which  is  actually  a turntable  capable  of  rotation 
about  a vertical  axis  going  through  the  center  of 
the  Ac  -carriage,  is  suspended  from  the  Ac  -car- 
riage By  a hydraulically  operated  elevator  to  ac- 
commodate models  of  different  draft  and  freeboard. 
The  principal  particulars  of  all  four  carriages  are 
compiled  in  Table  1.  As  already  stated,  the  range 
and  dynamics  of  the  CPMC  were  so  dimensioned  as  to 
be  able  to  generate  (within  the  constraints  of  tank 
size)  on  model  scale  every  realistic  horizontal 
planar  motion  of  which  any  merchant  ship  is  capable. 

Process  control 

Fig.  3 is  a simplified  block  diagram  showing  sche- 
matically the  flux  of  information  and  interaction 
between  essential  components  of  the  system.  Normally 
the  CPMC  is  operated  under  computer  control  either 
in  Mode  A (towing)  or  in  Mode  B (tracking).  How- 
ever, for  inspection  and  maintenance  as  well  as  for 
the  convenience  of  model  attachment  and  detachment 
all  carriages  can  also  be  moved  slowly  under  manual 
control  (Mode  C)  from  an  operating  console  on  the 
towing  carriage.  This  console  contains  position 
and  crucial  state  displays  as  well  as  switches  for 
various  key  functions  such  as  turning  power  on  or 
off,  applying  or  releasing  brakes,  starting  or 
stopping  a run  (under  computer  control),  triggering 
an  emergency  halt  etc. 

The  computer,  installed  in  an  air-conditioned 
cabin  on  the  towing  carriage,  has  a cycle  time  of 
1.6  ys  and  a magnetic  core  storage  capacity  of  16  k 
words  of  24  bit  length.  Communication  between  the 
human  operator  and  the  computer  is  via  teletype, 
console  and  paper  tape.  The  CPMC  control  unit  on 
the  trailer,  the  towing  carriage  control  hardware 


and  instrumentation  in  the  model  interact  with  the 
computer  via  a process  control  interface  currently 
equipped  with  eight  digital  input  and  output  chan- 
nels of  24  bits  each,  four  analog  input  channels 
and  two  analog  output  channels.  The  CPMC  control 
is  essentially  digital  with  a basic  cycle  of  10  ms. 

In  Mode  A once  every  10  ms  the  computer  reads  out  a 
set  of  trajectory  coordinates  to  the  CPMC  control 
unit,  reads  in  (for  later  inspection)  a set  of  co- 
ordinate errors  (actual  value  minus  required  value), 
and  senses  and  stores  the  suitably  amplified  force 
signals  from  the  dynamometers  in  the  captive  model 
moving  with  the  CPMC. 

The  control  unit  drives  each  individual  carriage 
independently  under  digital  position  control  with 
superimposed  speed  control  as  indicated  in  Fig.  4 
for  the  case  of  the  y -carriage.  Digital  position 
feedback  is  supplied  By  incremental  transducers 
mounted  on  carriage  wheels  while  analog  speed  feed- 
back is  supplied  by  tachometers  mounted  on  drive 
shafts.  Note  that  each  carriage  is  driven  by  a 
symmetrical  arrangement  of  four  thyristor-controlled 
DC  servomotors,  two  driving  and  two  braking  with 
their  functions  exchanged  at  each  reversal  of  the 
sense  of  rotation,  in  order  to  avoid  any  canting 
or  tooth  bakclash  in  the  gears,  which  might  affect 
control  accuracy  or  introduce  noise  in  the  force 
signals . 

Towing  hardware 

The  special  towing  hardware  consists  of  a combined 
dynamometer  and  towing  guide  shown  in  Fig.  5.  It  is 
connected  rigidly  by  four  bolts  at  the  top  to  the 
center  of  the  ^-carriage  and  by  four  bolts  at  the 
bottom  to  a metal  base  frame  suitably  anchored  in 
the  model,  see  also  Fig.  2.  The  towing  guide  as 
shown  constrains  the  model  in  surge,  sway,  yaw  and 
roll  while  leaving  it  free  to  heave  and  pitch  dur- 
ing the  run,  which  is  the  normal  mode  of  operation. 
However,  it  can  also  be  rearranged  to  constrain  the 
model  to  the  CPMC  in  all  six  degrees  of  freedom  if 
desired.  Moreover,  traverse  guides  with  scales  at 
each  end  can  be  manually  adjusted  to  constrain  the 
model  at  any  fixed  angle  of  heel  between  -10°  and 
10°  for  special  investigations.  The  dynamometer  is 
a force  balance  consisting  of  two  rigid  beams,  the 
lower  one  mounted  to  the  model  and  the  upper  one 
to  the  carriage  via  the  towing  guide.  The  only 
mechanical  connection  between  the  two  beams  is  by 
means  of  six  slender  tie  rods  so  arranged  as  to 
accurately  resolve  the  force  and  moment  acting  on 
the  model  in  the  components  X ,Y ,Z ,K,M  and  N.  Each 
tie  rod  has  double  taper  at  both  ends  so  that  it 
can  transmit  only  axial  forces.  At  the  upper-beam 
end  of  each  tie  rod  are  built  in  modular  force 
sensors  of  the  strain  gauge  type.  The  entire  system 
is  so  stiff  that  the  lowest  natural  frequency  with 
a model  of  3.5  Mg  mass  attached  lies  at  about  5 Hz. 

Tracking  hardware 

In  Mode  B the  model  is  essentially  free  in  all  six 
degrees  of  freedom,  is  necessarily  equipped  with  pro- 
pulsion and  steering  gear,  and  is  maneuvered  by 
remote  cable  control  either  manually  according  to 
will  from  a command  console  on  the  towing  carriage 
or  automatically  by  computer  according  to  a pre- 
programmed strategy  of  propeller  and  rudder  com- 

*For  instance,  this  mode  was  used  for  a dynamic 
calibration  of  the  force  balance  by  attaching  a 
steel  weight  (instead  of  a model)  and  swinging  it 
in  air  at  different  frequencies  by  means  of  the 
CPMC. 
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mands.  The  special  tracking  hardware  consists  of 
electro-mechanical  tracking  lag  transducers  in  all 
six  degrees  of  freedom  and  a model  locking  device, 
see  Fig.  6. The  tracking  lag  is  sensed  by  relative 
position  transducers  of  pulse  or  inductance  type 
mounted  on  a delicate  system  of  almost  frictionless 
slides  and  wheels  interposed  between  the  A x -car- 
riage and  the  model.  The  three  digital  transducers 
measuring  the  horizontal  tracking  lag  provide  the 
essential  control  inputs  (AAxq,  Aj/q,  wl,ich 

enable  the  CPMC  to  physically  follow  tne  model 
within  narrow  tolerances,  see  Fig.  3 and  Table  1. 
The  CPMC  control  unit  digitally  adds  the  tracking 
lag  to  its  own  position  and  transmits  to  the  com- 
puter once  every  10  ms  the  tank  fixed  coordinates 
of  a reference  point  0 in  the  model  as  increments 
ttr  ,Dy  ,D\p  to  economize  on  channel  capacity.  The 
otRer  Rhree  tracking  lag  transducers  generate 
analog  signals  z ,6,i t also  sensed  by  the  computer 
every  10  ms  so  tRat  the  trajectory  of  the  free- 
running  model  can  be  recorded  in  six  degrees  of 
freedom.  The  analog  channels  can,  of  course,  also 
be  used  alternatively  to  record  any  other  quanti- 
ties of  interest,  e.g.  rudder  angle  and  forces  or 
propeller  revolutions  and  forces. 

The  model  locking  device  mentioned  above  consists 
of  two  hydraulically  operated  vertical  arms  mounted 
on  the  ^-carriage  and  corresponding  horizontal 
frames  of  pentagonal  shape  mounted  in  the  model. 

By  moving  the  arms  out  and  in  under  manual  or  com- 
puter command  the  model  can  be  engaged  or  released 
to  serve  various  purposes.  In  a typical  tracking 
experiment  the  model  is  initially  engaged  and  ac- 
celerated from  standstill  to  its  approach  speed 
with  carriage  assistance,  then  released  and  allowed 
to  maneuver  and  finally  engaged  again  and  brought 
to  a standstill  with  carriage  assistance  in  order 
to  make  more  efficient  use  of  the  available  tank 
length.  During  the  freerunning  phase  the  locking 
device  protects  the  tracking  lag  transducers  and 
the  power  and  signal  exchange  cables  (hanging  as 
loose  umbilical  cords  from  the  CPMC  into  the  model) 
by  mechanically  bounding  the  tracking  lag  despite 
a possible  malfunction  of  the  automatic  tracking 
system.  In  this  case  the  contact  of  the  vertical 
arm  with  the  horizontal  frame  generates  a signal 
which  does  not  automatically  abort  the  run  but  is 
recorded  by  the  computer  and  displayed  on  the  op- 
erating console. 

SOFTWARE 

Comprehensive  software  has  been  developed  by  the 
authors  for  the  freely  programmable  process  control 
computer  Siemens  301  to  handle  the  multifarious 
tasks  of  carriage  motion  control,  model  motion  con- 
trol, hardware  status  monitoring,  data  acquisition 
and  run  evaluation.  During  CPMC  experiments  typi- 
cally about  10  k words  of  core  storage  are  loaded 
with  programs  (including  the  basic  operating  sys- 
tem) and  6 k words  are  available  for  data.  As  a 
measured  quantity  can  usually  be  represented  ade- 
quately by  12  bits  whereas  the  word  length  is  24 
bits,  this  means  that  up  to  about  12  k independent 
measurements  can  be  stored  in  the  core  during  a 
single  run.  The  current  status  of  the  CPMC  soft- 
ware has  been  fully  documented  in  internal  reports 
by  Wolff  (1974)  and  Oltmann  (1975).  For  the  present 
purpose  it  will  suffice  to  give  a brief  general  de- 
scription of  the  software  for  Mode  A.  The  block 
diagram  (Fig.  7)  is  designed  to  show  that  the  soft- 
ware is  organized  in  a main  program  BDIE  and  five 
subprograms  SWEZ,  TEST,  VORB,  MESS  and  AUSW,  and 
how  these  interact  with  each  other  and  with  the  in- 


put/output and  process-control  periphery.  The  func- 
tions of  the  subprograms  are  best  explained  by  fol- 
lowing the  chronological  sequence  of  events  during 
a run  as  illustrated  in  the  logic  flow  diagram  for 
Mode  A (Fig.  8) . 

The  first  step  is  to  read  appropriate  run  parameters 
into  the  computer,  usually  from  prepared  paper  tape. 
These  consist  mainly  of  up  to  100  Fourier  coeffi- 
cients which  define  uniquely  the  functions  x (t) , 
yQ(t)  and  :|)(t)  over  a finite  interval  of  time  T. 

From  these  the  subprogram  SWEZ  generates  the  re- 
quired trajectory  coordinates  (at  10  ms  intervals) 
in  three  phases:  a periodic  phase  determined  by 
synthesis  of  the  given  Fourier  coefficients,  a 
run-in  phase  calculated  to  move  the  subcarriages 
from  their  inital  resting  positions  to  the  synchro- 
nous entry  points  of  the  periodic  phase,  and  a run- 
out phase  to  decelerate  the  subcarriages  from  their 
synchronous  exit  points  of  the  periodic  phase  to 
the  final  resting  positions.  The  complete  trajec- 
tory (along  with  some  auxiliary  control  information) 
is  stored  in  a highly  compact  form  in  the  core  in  a 
so-called  run  control  list  which  uniquely  deter- 
mines the  course  of  the  run  to  follow.  Now  the  sub- 
program TEST  checks  the  run  control  list  by  simu- 
lating the  required  run  to  see  for  instance  whether 
it  is  compatible  with  the  available  range  and  dy- 
namics of  the  four  carriages.  If  no  errors  are  de- 
tected the  subprogram  V0RB1  is  started  to  initialize 
core  storage  and  check  the  status  of  the  control 
hardware.  After  errors,  if  any,  have  been  corrected 
a lamp  "ready  to  start"  lights  up  on  the  console. 

The  human  operator  may  now  press  the  START  button. 
The  subprogram  V0RB2  now  accelerates  the  towi  3 
carriage  to  the  desired  mean  speed  x and  releases 
the  brakes  of  the  subcarriages.  The  basic  10  ms 
control  loop  MESS  now  takes  over,  reading  out  re- 
quired coordinates  (now  calculated  in  real  time 
from  the  run  control  list),  reading  in  path  errors 
and  force  data,  and  monitoring  control  hardware 
until  the  predetermined  trajectory  has  been  com- 
pleted. Unless  the  run  has  been  aborted  owing  to  a 
bad  control  state  triggering  an  automatic  CPMC-HALT, 
which  immediately  brings  all  carriages  to  a stand- 
still with  the  maximum  permissible  deceleration, 
the  control  is  gracefully  transferred  to  the  sub- 
program V0RB3  which  now  applies  brakes  to  the  sub- 
carriages already  at  rest  and  decelerates  the  towing 
carriage  to  a standstill  thereby  terminating  the 
run.  During  the  return  trip  of  the  towing  carriage 
and  while  waiting  for  the  tank  water  to  calm  down 
for  the  next  run  the  computer  is  free  to  evaluate 
the  stored  information  and  print  out  the  results. 
This  is  handled  by  the  subprogram  AUSW,  the  main 
jobs  being  a systematic  survey  of  the  recorded 
trajectory  errors  and  a Fourier  analysis  of  the 
forces  recorded  during  the  periodic  phase.  Although 
the  maximum  sampling  rate  is  100  Hz  per  channel,  it 
has  been  found  more  advantageous  to  record  each 
error  and  force  at  25  Hz  over  a correspondingly 
longer  interval  of  time.  Usually  the  path  errors 
are  only  documented  on  teletype  whereas  the  force 
coefficients  (or  the  entire  raw  data)  are  punched 
out  on  paper  tape  for  final  analysis  off  site. 

We  note  in  passing  that  for  the  protection  of  the 
CPMC,  model  and  instrumentation  against  accidental 
damage  following  wrong  input,  improper  commands  or 
system  component  failure  an  entire  hierarchy  of 
sophisticated  safety  features  has  been  incorporated 
into  the  hardware  and  software,  e.g.  joint  position 
and  speed  monitoring  for  preventing  the  carriages 
from  transgressing  their  operating  ranges  and  the 
model  from  hitting  a tank  wall. 
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SAMPLE  RESULTS  IN  MODE  A 
General  remarks 

The  following  sample  results  in  Mode  A were  ob- 
tained with  a 1 : 25  scale  model  of  the  Mariner 
class  vessel  (Table  2)  tested  in  the  ITTC  standard 
condition  as  defined  by  Gertler  (1969'.  Speed  U 
corresponded  to  20  kn  full-scale  and  propeller  re- 
volutions n were  held  at  the  self-propulsion  point 
of  the  ship.  The  forces  sensed  by  the  dynamometer 
were  corrected  for  inertial  effects  arising  from 
the  mass  and  moment  of  inertia  of  the  model  to  the 
extent  effective  at  the  transducers,  see  Equations 
(5a)  in  Mandel  (1967).  The  net  hydrodynamic  forces 
are  plotted  in  Figs.  9-12  in  standard  nondimension- 
al  form  X' ,Y' ,N'  as  functions  of  rudder  angle  6, 
drift  angle  8 and  nondimensional  yaw  rate  v' , cf. 
Notation.  For  further  discussion  we  must  distin- 
guish the  two  types  of  tests  involved. 

Steady  state  tests 

In  the  steady  state  tests  the  quantity  6,8  or  r 
was  held  constant  at  selected  values  for  a finite 
period  of  time  ranging  from  5 to  60  s.  As  the 
analog  force  signals  were  plotted  in  parallel  on  a 
strip-chart  recorder  it  was  easy  to  tell  in  each 
case  when  a nearly  steady  state  had  been  achieved. 
Hence  the  interpretation  of  measured  forces  was 
straightforward.  One  only  had  to  average  the  values 
sampledover  the  final  portion  of  the  steady  state 
run.  These  results  are  indicated  as  discrete  points 
in  Figs.  9-12.  Of  course,  the  steady  state  rudder 
angle  and  drift  angle  tests  are  trivial  and  might 
as  well  have  been  done  using  the  towing  carriage 
alone.  However,  the  steady  state  yaw  rate  tests 
were  accomplished  by  actually  varying  the  yaw  rate 
periodically  as  a trapezoidal  function  of  time, 
thus  effectively  simulating  steady  state  rotating 
arm  tests.  This  is  a benefit  accruing  from  the 
complete  flexibility  of  motion  control  in  the  CPMC. 
In  fact,  not  only  can  we  simulate  rotating  arms  of 
any  radius  from  zero  to  infinity  but  also  realize 
via  input  parameters  different  definitions  of  pure 
yaw  as  illustrated  by  the  circles  (zero  drift  angle 
at  origin  0)  and  crosses  (zero  drift  angle  at  cen- 
tre of  gravity  mG)  in  Fig.  12.  As  the  yaw  moment  is 
always  taken  about  the  origin  0 these  two  sets  of 
points  reflect  the  genuine  hydrodynamic  difference 
in  the  two  definitions  of  pure  yaw!  Two  other  in- 
teresting exhibits  in  our  steady  state  results  are 
the  appreciable  asymmetry  of  rudder  induced  forces 
(Fig.  9)  apparently  caused  by  the  single  screw, 
and  the  significant  dependence  of  X on  r (Fig.  11). 
The  former  effect  has  been  seldom  observed  as  most 
experimenters  were  content  with  tests  on  one  side 
only,  and  the  latter  effect  contradicts  previous 
findings  of  Strjm-Tejsen  and  Chislett  (1966)  as 
well  as  Chislett  and  Smitt  (1974). 

Harmonic  motion  tests 

Here  the  pertinent  motion  variable  v or  r was  va- 
ried as  a cosinusoidal  function  of  time  for  several 
periods  T • 2ir/iv  of  about  20  to  30  s.  The  measured 
hydrodynamic  forces  were  analysed  into  a Fourier 
series  in  wt.  Assuming  quasi-steady  flow,  the  ob- 
vious interpretation  would  be  that  the  first  order 
sine  coefficient  yields  the  hydrodynamic  mass, 
while  all  significant  cosine  coefficients  taken 
together  yield  the  complete  nonlinear  damping.  (A 
Fourier  analysis  in  the  t-domain  is  tantamount  to 
a least  squares  fit  of  orthogonal  Chebyshev  poly- 
nomials in  the  t>-  or  r-domain  with  a natural 


weighting  function.)  This  view  is  substantiated  by 
the  results  as  seen  in  Figs.  10-11.  Each  of  these 
six  diagrams  contains  three  independent  curves, 
each  generated  by  synthesizing  the  measured  cosine 
coefficients  of  the  corresponding  force  from  single 
runs  of  different  amplitudes,  viz.  § = 6,12,18° 

(Fig.  10)  and  r'  * 0.3, 0.6, 0.9  (Fig.  II).  The  mu- 
tual consistency  of  each  triplet  of  curves  and  their 
almost  perfect  agreement  with  the  discrete  points 
from  steady  state  tests  supports  the  above  inter- 
pretation and  demonstrates  how  the  CPMC  yields 
from  each  single  run  an  invariant  nonlinear  force 
response  to  velocity  for  which  other  techniques 
require  a whole  series  of  runs! 

However,  one  puzzling  feature  did  emerge  from  these 
experiments,  in  that  a significant  sine  coefficient 
of  third  order  was  detected  for  Y in  the  sway  tests 
and  N in  the  yaw  tests.  Evidently  this  coefficient 
cannot  be  interpreted  ao  a pure  velocity  response. 
Hence  the  possibility  of  higher  order  acceleration 
or  mixed  terms  had  to  be  examined  as  shown  in  Table 
3.  To  date  the  most  plausible  explanation  seems  to 
be  invoking  mixed  terms  of  the  type  Y . V2  3 and 
ff  £2-2r’.  Contrary  to  popular  belief  there  is  no 
theoretical  difficulty  in  visualizing  such  terms  as 
arising  from  viscous  or  wave  effects.  The  tradi- 
tional argument  of  Abkowitz  (1964)  that  the  only 
force  response  to  acceleration  is  linear  and  inde- 
pendent of  velocity  is  theoretically  founded  only 
for  ideal  flow  in  an  unbounded  medium.  However, 
further  research  is  warranted  before  arriving  at 
a definite  conclusion. 

SAMPLE  RESULTS  IN  MODE  B 

The  trajectories  of  two  zigzag  maneuvers,  each  con- 
structed from  original  computer  recordings  of  in- 
cremental digital  coordinates  Da:  ,D y ,Dtp  at  100  Hz 
and  samplings  of  analog  signals  §,z  °0,(f>  at  20  Hz 
over  a period  exceeding  60  s,  are  reproduced  gra- 
phically in  Figs.  13-16  and  numerically  in  Tables 
5 and  6 in  order  to  illustrate  the  capabilities  of 
the  CPMC  in  the  tracking  mode.  Both  runs  were  part 
of  the  comprehensive  acceptance  trials  in  Mode  B 
performed  with  a I : 9 scale  model  of  a twin-screw 
tug-boat  (Table  4)  for  the  compelling  reason  that 
it  happend  to  be  the  most  agile  model  tested  at 
the  HSVA  during  the  past  20  years!  If  the  CPMC  could 
cope  with  a model  yawing  wildly  up  to  ±15  °/s  and 
zigzagging  along  the  tank  at  over  I .5  m/s  with 
course  angles  approaching  ±50°,  it  could  easily 
track  any  ordinary  ship  model.  Actually  the  y - 
and  ^-carriages  had  no  difficulty  in  tracking  this 
model  with  negligible  lag!  The  only  serious  diffi- 
culty was  encountered  following  the  first  rudder 
deflection  when  the  model  decelerated  in  the  x - 
direction  at  over  0.2  m/s2  which  was  almost  too 
much  for  the  limited  acceleration  of  the  towing 
carriage  and  the  limited  rar>G'-  of  the  isx  -subcar- 
riage. The  problem  was  finally  mastered  6y  improve- 
ments in  the  hardware  and  software. 

Although  originally  conceived  as  an  afterthought, 
the  tracking  mode  is  now  yielding  trajectory  data 
of  unprecedented  resolution  ideally  suited  for  the 
application  of  system  identification  techniques  as 
discussed  for  example  by  Oltmann  (1973).  The  task 
ahead  is  to  find  a judicious  combination  of  Modes 
A and  B for  identifying  a general  mathematical 
model  for  simulating  arbitrary  ship  maneuvers  on 
the  basis  of  a few  runs  with  a physical  model  under 
the  CPMC. 
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Table  1 Principal  particulars  of  computerized  glanar  motion  carriage  (CPMC) 


Drive 

Main  carriage 

with  trailer 

A x - 
0 

subcarriage 

v 

subcarriage 

\Jj- 

subcarriage 

Empty  mass 

73000  kg 

1370  kg 

3250  kg 

1500  kg 

Mechanical  range 

280.0  m 

±1 .00  m 

±7.30  m 

±180.0° 

Operating  range 

200.0  m 

±0.85  m 

±6.50  m 

±150.0° 

Maximum  speed 

3.0  m/s 

0.80  m/s 

1.90  m/s 

24 ,0°/s 

Maximum  acceleration 

Trajectory  resolution: 

0.2  m/s2 

0.60  m/s2 

0.90  m/s2 

12.0°/s2 

Input  every  10  ms 

5x10  5 m 

5xl0"5  m 

2 . 5x  10'5  m 

1 . 25* 10’6  rev 

Output  every  10  ms 

Tolerances : 

«-  10'4  m 

-► 

I O'4  m 

10  5 rev 

Trajectory  error  (Mode 

A) 

1-  0.01  m 

- 

0.01  m 

0.1° 

Tracking  lag  (Mode 

B) 

0.20  to* 

- 

0.20  m 

8.0° 

Table  2 Main  dimensions  of  HSVA  Model  No.  2654  Table  4 Main  dimensions  of  HSVA  Model  No.  2509 


Mariner  class  vessel , Model 

scale  1 

:25 

Twin-screw  tug-boat,  Model 

scale 

1 :9 

Length  between  perpendiculars 

6.437 

m 

Length  between  perpendiculars 

3.792 

m 

Beam 

0.927 

m 

Length  of  waterline 

4.113 

m 

Draft  forward 

0.274 

m 

Beam 

1 .016 

m 

Draft  aft 

0.323 

m 

Draft  mean 

0.389 

m 

Displacement 

1 .064 

m3 

Displacement 

0.852 

m3 

Coordinate  origin  aft  of  FP 

3.170 

m 

Coordinate  origin  aft  of  FP 

1.896 

m 

Center  of  gravity  aft  of  origin 

0.  142 

m 

Center  of  gravity  aft  of  origin 

0.050 

m 

HSVA  Model  Propeller  V.o . 1379 

HSVA  Model  Propellers  No.  1707/1708 

Right-handed  single  screw 

Rotatable  Kort  nozzle  rudders 

Diameter 

0.268 

m 

Diameter 

0.217 

m 

Pitch  ratio 

0.964 

Pitch  ratio 

1.260 

Expanded  area  ratio 

0.660 

Expanded  area  ratio 

0.580 

Number  of  blades 

4 

Number  of  blades 

4 

Table  3 Interpretation  of  hydrodynamic  forces  measured  in  forced  harmonic  motion 


u « 

const,  i>  = 0 

cos  (ait) , r = 0, 

n = const, 

6*0 

Possible  term 

Measured 

force  components 

cos  (2  kut) 

cos  {(2k  + 1 ) ait  } 

sin(2toijt) 

sin  { (2k  + 1 ) ojt  ] 

X 

vu*' 

X 

& 

X 

v2^' 

X 

vH  & 

X 

v2i 

X 

v2i"  & 

X 

v2i"  v2*" 

X 

Significant  k 

observed  in 

X (t) 

0,2 

1 

1 

X (t) 

1,3 

1,3 

N (t) 

0 

1 

1 
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Table  5 Trajectory  of  30°/ 10°  zigzag  maneuver 


PROGRAM | P0/WSTR3 


MSVA-MODEL  NO,  2509,  RUN  NO,  7 (24, 10,75) 
INITIAL  SPEED  U0»  2,004  M/S 


T 

3 

OELTA 

DEG 

U 

M/S 

V 

M/S 

R 

DEG/  S 

PSI 

DEG 

BETA 

DEG 

X0 

M 

Y0 

M 

0 

••156 

2,004 

.000 

,000 

,000 

,000 

,000 

.000 

i 

• ,133 

1,990 

• ,009 

,215 

.144 

.259 

1,999 

• .001 

2 

• ,244 

1.991 

• , 0 l 6 

,324 

,432 

.461 

3,986 

-.002 

3 

•,133 

1.985 

• ,014 

,468 

,792 

.417 

5,973 

.003 

4 

•11,200 

1.970 

• ,074 

3.852 

2,520 

2.142 

7,954 

,013 

5 

•23,933 

1.910 

.,196 

10.332 

9,720 

5,868 

9,903 

.075 

6 

•20,711 

1.797 

• ,284 

13,716 

22,500 

0,993 

1 1,748 

.339 

; 

•0,51 1 

1,749 

-.288 

10,368 

34,884 

9,364 

13,433 

.937 

B 

3,711 

1,738 

• , 202 

3,924 

42,084 

6,626 

14.941 

1,839 

9 

16.133 

1.756 

• ,045 

•3.852 

41,976 

1.478 

16.312 

2,929 

10 

28,000 

1.755 

.139 

•11,464 

33.948 

•4,524 

17,660 

4,066 

11 

26.111 

1,704 

,268 

•15,048 

20.196 

-8.939 

19,101 

5,047 

12 

28,809 

1.613 

,328 

•15,834 

4,608 

-11.481 

20,653 

5.782 

13 

28,622 

1.516 

,346 

•15,516 

•11. .52 

-12.931 

22,231 

5.953 

14 

20,933 

1.454 

,343 

•14.796 

•26.352 

-13,275 

23.741 

5,810 

15 

0,867 

1,457 

,312 

•11,124 

-39,564 

-12,107 

25,132 

5.292 

16 

•3.178 

1.496 

,220 

•4,644 

•47,448 

•8,382 

26,377 

4,462 

17 

•15,489 

1,568 

,080 

3.C96 

•48,132 

-2,926 

27,508 

3.417 

IB 

•27,044 

1,606 

• .098 

11,268 

•40,644 

3.475 

28,631 

2.283 

19 

•27,609 

1,568 

• .236 

14,832 

-27,036 

8,570 

29.851 

1.247 

20 

•20,067 

1,509 

.,302 

15,480 

•11.736 

11,332 

31,204 

,475 

21 

*28,176 

1.439 

• ,334 

15,406 

3.708 

13,050 

32.648 

.052 

22 

•23,776 

1,371 

.,345 

15,444 

19.152 

24.121 

34,084 

• .004 

23 

•14,776 

1.343 

• .320 

13,104 

33,696 

13,402 

35,436 

,298 

24 

•2,733 

1,383 

.,258 

8,208 

44,352 

10,377 

36,667 

.935 

25 

9,622 

1,468 

• •165 

1,224 

49,104 

6,411 

37,790 

1,834 

26 

21,756 

1,538 

,005 

-6,948 

46,044 

-.190 

38.854 

2,903 

27 

20,533 

1,560 

,164 

•13,212 

35.352 

•3,971 

39.967 

3.997 

28 

28,778 

1.531 

,272 

•15.516 

20,592 

•10.062 

41,229 

4,925 

29 

28,733 

1.473 

,318 

•15,480 

4,932 

•12,168 

42,622 

5,540 

30 

28,956 

1.423 

,332 

•15,372 

•10,440 

•13,146 

44,078 

5,805 

31 

20,622 

1,387 

,333 

•14,616 

-25.632 

•13.574 

45.511 

5.692 

32 

8,622 

1,395 

,288 

•10,620 

-38,412 

•11.669 

46,846 

5.217 

33 

•3,489 

1.462 

.203 

•4,536 

• 46  , <*0  8 

-7,914 

48,058 

4,433 

34 

•13,667 

1,544 

,067 

3,348 

-46,548 

•2.492 

49, 19(1 

3.432 

35 

•27,136 

1,575 

• ,113 

11,268 

-38,844 

4,103 

50,313 

2.341 

36 

•27,933 

1.545 

-.241 

14,760 

•25.344 

8,866 

51.535 

1.350 

37 

•28,11 1 

1,461 

• , 305 

15,516 

•10,044 

11.653 

52.890 

.622 

30 

•28,133 

1.413 

.,328 

15,516 

5,508 

13,076 

54.321 

.245 

39 

•24,667 

1,347 

.,333 

15,336 

20.952 

13.875 

55,735 

.236 

40 

•12,578 

1.340 

.,303 

12,384 

35,064 

12,741 

57,062 

.585 

41 

• ,489 

1,392 

• ,234 

6,876 

44,748 

9,532 

58,273 

1.259 

42 

11,776 

1,403 

• ,125 

•,216 

48.060 

4,805 

59,387 

2,182 

43 

24,067 

1.544 

,043 

•8.532 

43.452 

-1.601 

6a, 465 

3,252 

44 

28,244 

1,347 

,199 

•13,932 

31.572 

•7,340 

61,610 

4,306 

43 

20,733 

1.513 

,297 

•15.372 

16,668 

•11,094 

62,903 

5.163 

40 

28,822 

1,458 

,327 

•15,300 

1.296 

•12,647 

64,320 

5,704 

47 

28,736 

1,399 

,340 

-15,408 

•14,040 

•13.642 

65,773 

5.880 

40 

17,844 

1.369 

,334 

-13,968 

•29,052 

•13,705 

67.176 

5.689 

49 

5,711 

1,394 

.278 

•9,288 

-40,788 

-11.285 

68,474 

5,146 

30 

• 6, 40k) 

1.471 

,186 

•2,700 

-46,800 

•7,194 

69.658 

4,314 

31 

•10,733 

1.344 

.033 

5,328 

•45.432 

-1.219 

70,774 

3,292 

52 

•27,378 

1,366 

• .141 

12,492 

-35,964 

5.143 

71.910 

2,218 

33 

•27,489 

1,532 

-.257 

14,940 

•21,924 

9,516 

73,166 

1.284 

34 

•20,222 

1.470 

• ,314 

15,408 

•6,588 

12.042 

74,545 

,633 

33 

•28,289 

1.398 

• ,337 

15,372 

8,820 

13,569 

75,979 

.333 

30 

•23,600 

1,336 

*,340 

13.138 

24,192 

14,295 

77,380 

,395 

37 

•11,444 

1,334 

• .301 

11.916 

37,944 

12,714 

78,683 

,806 

30 

,711 

1,392 

• ,231 

6,480 

47.124 

9.439 

79,857 

1.535 

39 

13,178 

1.482 

-.119 

• ,000 

49.932 

4,607 

80,935 

2,302 

60 

23,489 

1,544 

,056 

•9,108 

44,640 

•2.144 

61.973 

3,607 
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Table  6 


P0/LSTR3 


Trajectory  of  20°/20° 


HSVA-HOOEL  NO,  25(39,  RUN  NO,  13  (24,10,73) 
INITIAL  SPEED  U0  ■ 2,M05  H/S 


zigzag  maneuver 


T 

3 

DELTA 

DEG 

U 

H/3 

V 

M/3 

R 

DEG/8 

PSI 

DEG 

BETA 

OEG 

KB 

n 

YB 

n 

0 

-.133 

2,005 

• ,001 

,000 

,000 

.029 

,000 

.000 

1 

• , l 56 

1,994 

-.009 

.252 

,180 

.266 

2.001 

-.80  1 

2 

-.133 

1,997 

• ,014 

.360 

, 468 

.Ml 

3,993 

-.002 

3 

-,402 

1.991 

-.022 

,396 

,828 

.627 

5,987 

,601 

4 

•13,022 

1,978 

-.083 

4,320 

2,772 

2.454 

7,976 

,003 

5 

•18,73ft 

1,926 

-.196 

9,792 

10,296 

5.822 

9,931 

,070 

6 

•18,600 

1.835 

• ,265 

11.628 

21,240 

8.13? 

11.613 

.354 

7 

•10,911 

1.804 

• ,280 

10,635 

32,832 

8.825 

13.565 

,936 

6 

1,444 

1.787 

-.216 

5.040 

40,824 

6.881 

15,143 

1,618 

9 

13,889 

1.802 

-,074 

•2,664 

41,943 

2,363 

16.575 

2.907 

10 

19,111 

1.8W 

,094 

-9.108 

35,388 

-2,96 2 

17.965 

4,062 

U 

19,178 

1,809 

,210 

•11.592 

24,696 

-6,629 

19.450 

5,112 

12 

19,244 

1.773 

.274 

•12,168 

12.672 

•8,774 

21.066 

3.918 

13 

19,222 

1.733 

,298 

•12,204 

,432 

-9.754 

22.772 

6.404 

14 

19,267 

1,698 

,30b 

•12.P96 

-11,703 

-10,173 

24,504 

6,536 

1$ 

17,889 

1,673 

.309 

•12,060 

•23,760 

•10.476 

26,200 

6,316 

10 

7,911 

1.666 

,282 

•9,684 

•35,028 

-9.618 

27,795 

3.757 

12 

-4,311 

1,692 

.197 

•3.780 

•41,832 

•6, 632 

29.25P 

4,894 

10 

•16,911 

1,730 

.045 

4,032 

•41,616 

•1.493 

30.598 

3.833 

19 

•18,667 

1.758 

• ,110 

9,648 

-34.236 

3,571 

31.947 

2.721 

20 

•18,800 

1.7*6 

• ,2 1 6 

11,916 

•23,148 

7.046 

33,402 

1.726 

21 

•18,844 

1.71* 

-.268 

12.240 

-10,944 

8,872 

34.983 

.982 

22 

•18,911 

1,680 

-.292 

12,132 

1.263 

9,663 

36,648 

,560 

23 

•18,867 

1.654 

-.293 

11.916 

13.320 

t , 1 I 4 

38.335 

.481 

24 

•17,622 

1,623 

-.302 

12,096 

25,308 

10,517 

39.978 

,739 

25 

•7,378 

1.619 

-.273 

9,792 

36.646 

9,588 

41.509 

1.325 

26 

5,222 

1,652 

-.  1 90 

3,816 

43,560 

6,556 

42.900 

2.207 

27 

18,089 

i.m 

• ,043 

•4,140 

43,308 

1.454 

44.188 

3.207 

28 

19,289 

1.733 

.110 

•9,828 

35,748 

-3.644 

45.482 

4,418 

29 

19,402 

1,733 

,209 

•11.844 

24,624 

-6,874 

40,895 

3,437 

30 

19,489 

1.711 

,266 

•12,132 

12,528 

-8,791 

48,455 

6,217 

SI 

19.556 

1.692 

,283 

•12,024 

,432 

•9.569 

50.117 

6,684 

32 

19,467 

1,668 

,298 

-I2,e24 

-11,556 

•10.136 

51.815 

6.812 

33 

19,533 

1,650 

,304 

•12.240 

• 23 , e>88 

•10,423 

53.484 

6,598 

34 

9,400 

1.639 

.276 

•10,260 

•35,316 

•9,539 

55,052 

6.043 

35 

•3,067 

1,666 

.197 

•4,428 

-42,768 

•6,740 

56,476 

5,180 

36 

•15,844 

\.7V7 

,056 

3,240 

•43.344 

•1.881 

37,787 

4,108 

37 

-18,756 

1.733 

• ,097 

9,432 

•36.396 

3,211 

59,083 

2.971 

38 

•18,667 

1.727 

-.215 

11.772 

•25.452 

7,088 

60,483 

1.935 

39 

•18,5/8 

1.703 

-,270 

12.132 

•13.392 

9,010 

62,017 

1.132 

40 

•18,669 

1.671 

• ,207 

11.952 

•1.332 

9,755 

63,651 

.636 

41 

•18,536 

1.642 

• •298 

11,916 

10,584 

10,278 

65,323 

.480 

42 

•18,133 

1,610 

-.305 

1 1.988 

22.572 

10,709 

66,965 

,654 

43 

•1U.000 

1.600 

• ,288 

10,620 

34,236 

10,213 

68.512 

1.153 

44 

2.156 

1.626 

• ,220 

5.400 

42,444 

7,703 

09.925 

1.958 

45 

14,467 

1.692 

• ,088 

•2,232 

43,992 

3.014 

71.223 

2,985 

40 

10,600 

1.712 

,072 

•6,748 

37,944 

-2,393 

72,497 

4.1*3 

47 

18,711 

1 ,729 

,185 

-11,268 

27,612 

•6.106 

73.867 

3.131 

40 

19.289 

i,7is 

,259 

•11.952 

15,840 

-8,582 

73,382 

3,999 

49 

19,356 

1.689 

,293 

•12,060 

3,816 

•9,840 

77,012 

6,562 

30 

19,267 

1.662 

,301 

•12,096 

•8,280 

•10.248 

78,697 

6,794 

31 

19,269 

1.642 

.308 

•12,168 

•20,448 

•10.62b 

88,370 

6.681 

32 

12,244 

1.623 

,292 

•11,124 

.32.364 

•10.2P2 

81.963 

6,227 

33 

,022 

1.644 

,229 

•6,136 

-41.184 

-7.936 

83.420 

3.433 

54 

•12,457 

1,687 

,102 

1,044 

-43,704 

•3.456 

64.751 

4.441 

33 

•18,733 

1.722 

• ,038 

8,244 

•36,520 

l.»37 

80,036 

3,321 

36 

•16,000 

1,724 

-.183 

11,304 

•28,404 

6,047 

87,400 

2,238 

57 

•18,911 

1,703 

-.257 

12,024 

•16,560 

0,b6b 

00,900 

1.394 

30 

•18,889 

1.676 

• •286 

12,024 

-4,536 

9.682 

90,510 

.813 

39 

-16,933 

1,840 

• , ?97 

11.932 

7.452 

10.274 

92.174 

,564 

60 

•18,933 

1,609 

• ,302 

12,e24 

19,440 

10,625 

93,822 

,649 
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Fig.  3:  System  flow  chart 
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Fig.  4:  Schematic  of  control  loop  (yo—  subcarriage) 
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Fig.  8:  Logic  flow  diagram  for  Mode  A 
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Fig.  9:  Result*  from  static  rudder  angle  test, 
HSVA-Model  No.  2654 


6 


IS  -12 


F:  Fig.  10: 
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Results  from  pure  sway  test, 
HSVA-Model  No.  2654 
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Discussion  on  Paper  by  T.  Frank  et  al 


M.  FUJINO 


In  Section  T,  the  authors  derive  a conclusion 
that  the  classical  equations  of  manoeuvring  motions 
provide  a good  approximation  to  the  equations  pre- 
ferred by  the  authors,  i.e.  the  equations  (ll). 

The  discusser  agrees  with  this  conclusion. 

However,  he  is  doubtful  that  equation  (1*7) 
stands  for  the  classical  equations  of  manoeuvring 
motions.  It  is  his  understanding  that  in  the  con- 
ventional description  of  manoeuvring  motion,  the 
stability  derivatives  of  zero  frequency  are  used 
in  the  full  range  of  the  frequency  of  motion  under 
the  "quasi-steady"  assumption,  although  the  stab- 
ility derivatives  should  be  considered  as  the 
functions  of  frequency. 

As  the  authors  show,  the  stability  derivatives 

Y.(to)  and  Y (id)  are  described  as  follows: 
v v 


Y.(u)  = -u  + — / N (t)  sm  uixdx, 
v yy  w ; yy 

o 


Y (u>)  = -R  - / N (t)  cos  wxdx . 
v yy  ' yy 


Since  N (t)  is  assumed  to  be  absolutely  inte- 
grable,  th^ second  terms  of  the  above  equations 
diminish  to  zero  as  the  frequency  u>  tends  to  infin- 
ity, as  Riemann-Lebesque  theorem  proves.  That  is 
to  say 

Y. (“)  = -y  , 

v yy’ 


Y = -R„ 


yy 


Hence,  the  hydrodynamic  force  arising  from  the 
sway  motion  can  be  expressed  as  follows: 


00 

Y(t)  = y v(t)  + S v(t)  + / N (x)v(t  - x)dx 

yy  yy  ^ yy 


= -Y^(°°)v(t)  - Yv(“)v(t  ) + 


00 

/ N (x)v(t  - x)dx 
o ™ 


Yv(o) 


-R 


yy 


(x )dx . 


Obviously,  the  derivatives  of  zero  frequency  are 
different  from  those  of  infinite  frequency  by  the 
second  terms  of  the  above  equations. 


Therefore  we  should  describe  the  classical 
equations  of  motion  as  follows: 


00 

Y£(t)  = [m  + Vyy  ~ I x Nyy(x)dx]v(t) 


+ TR  + f N ( x ) dx ] v ( t ) 

yy  q yy 

Namely,  equation  (1*7)  lacks  the  underlined  term 
of  the  above-  equation. 

Consequently,  the  discusser  believes  that  the 
authors'  reasoning  in  deducing  the  conclusion 
stated  at  the  beginning  of  this  discussion  should 
be  revised. 

W.G.  PRICE 

I agree  with  the  authors  that  the  use  of  adjec- 
tives like  "slow"  in  the  scientific  literature 
leaves  much  to  be  desired.  Quantitative  expression 
is  needed  if  sloppiness  is  to  be  avoided.  Contrary 
to  the  remarks  in  this  paper  (last  paragraph, 
section  7),  Bishop  and  Price  (1971*),  Bishop, 

Burcher  and  Price  (1975)  have  previously  defined 
'slow  motion'  in  quantitative  terms  for  use  in 
P.M.M.  tests  and  analysis. 

In  studies  of  the  motion  of  surface  ships,  the 
sway  velocity  v(t)  can  be  relied  upon  to  be  analy- 
tically well  behaved  and  to  have  derivatives  of  all 
orders.  In  this  event,  the  Taylor  series  expansion 
v(t  - x)  is 

v(t  - t)  = l Vr  (t)  + Rn 

r=0 

where  the  Lagrange  form  of  the  remainder  is 


Needless  to  say,  the  first  and  the  second  terms 
of  the  right-hand  side  stand  for  the  hydrodynamic 
force  due  to  the  instantaneous  motion  of  a ship  and 
the  last  terra  stands  for  the  effect  of  the  past 
history  of  the  motion  on  the  hydrodynamic  force. 

On  the  other  hand,  the  stability  derivatives  of 
zero  frequency  are 


Y . ( o ) 


yy 


/ T 
o 


Nyy(x)dX, 


r = | vn  (t  - ex) | 

n nl 


o < e < l 


and  vr(t)  = drv(t)/dtr. 

For  the  typical  sway  velocity  encountered  in  the 
manoeuvring  of  surface  ships,  it  can  be  shown  that 


lim| R | = 0. 

n-*»'  n1 


In  these  circumstances  the  convolution  integral  in 


equation  (1*6)  may  be  written,  as 


00  00 
v(t)  j II  (x)dx  - v(t)  f xN  (x)dx  + 

i yy  ' yy 


It  is  reasonable  to  assume  that  after  time  x 
(say)  the  response  function  II  (x)  decays  to  zero 
and  we  may  replace  the  previo®,  expression  by 


where  the  integrals  all  have  finite  values  because 
N (x)  = 0 for  x > x 

yy  s 


Authors’  Reply 


and 


(x/x  ) * 1 for  N (x)  > 0. 
s yy 

The  convergence  of  this  series  depends  on  the 
sway  motion  and  it  is  seen  always  to  be  valid  if 

v(t)  > x v(t)  > x2v  (t)  > 

s s 

Thus  it  will  be  seen  that  the  assumption  of  'slow 
motion'  in  P.M.M.  tests  is  only  justified  if  the 
driving  frequency  to  is  less  than  x-^.  This  may  be 
of  the  order  of  0.05  Hz  (i.e.  x ,uS3s)  in  P.M.M. 
ship  model  sway  experiments . 
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equations  of  motion  can  be  approximated  uniformly 
by  solutions  of  equations  of  the  form  of  (1*1+)  but 
with  the  constant  coefficients  shown  in  ( IX . 3 ) • 


M.  FUJIHO 

We  are  pleased  that  Professor  Fujino  has  brought 
up  the  question  of  the  nature  of  the  quasi-steady 
approximation,  for  there  does  appear  to  be  a dis- 
crepancy between  equations  (1*5)  and  the  result  in 
section  7 and  Appendix  II.  This  discrepancy  exists 
however,  only  if  one  admits  the  premise,  often  made, 
that  the  appropriate  quasi-steady  equations  are 
(1*1*)  with  coefficients  determined  from  (1+5 ) with 
id  * 0.  We  believe  that  we  have  proved  that  this 
is  not  the  case,  and  that  the  quasi-steady  damping 
coefficients  correspond  to  id  = 0 but  the  added 
masses  to  id  = « . Any  disagreement  with  this  con- 
clusion must  necessarily  be  directed  at  the  proof. 

The  belief  that  all  coefficients  should  corre- 
spond to  id  = 0 may  be  a result  of  using  the  term 
"slow"  motion  instead  of  "quasi-steady"  motion,  for 
the  word  "slow"  does  seem  to  be  associated  with 
id  » 0.  However,  we  recall  that  the  definition  of 
"quasi-steady"  in  equation  (51)  does  not  require  v^ 
itself  be  be  small,  but  only  the  variation  in  v-^ 
over  an  interval  of  time  determined  by  the  convolu- 
tion-integral kernel  (i.e.,  the  quality  of  the 
"memory"  of  the  system).  The  smallness  of  v^,  acc- 
ording to  a different  criterion  has  already  been 
required  in  assuming  the  linearised  equation  (1*6). 

We  state  once  again  that  the  equations  ( UU ) have 
no  status  as  equations  of  motion  except  as  empiri- 
cal equations,  that  the  "stability  derivatives" 
cannot  depend  upon  id  if  even  the  form  (1*1*)  is  to  be 
correct,  and  that  there  is  no  basis  for  associating 
them  with  a particular  value  of  id.  What  we  have 
shown  in  Section  7 and  Appendix  II  is  that  for 
quasi-steady  motion,  solutions  of  the  linearised 


Finally,  we  should  like  to  state  that  we  believe 
that  the  time  has  come  to  abandon  the  terminology 
"stability  derivatives"  and  to  begin  to  use  one  in 
conformity  with  that  used  in  other  modes  of  ship 
motion.  (We  note  that  the  Russian  Spravochnik  po 
Teorii  Korablya  (Reference  Book  on  Ship  Theory, 
Sudpromgiz,  I960)  has  already  done  this  long  ago.) 
This  will  have  the  advantage  of  forcing  one  to 
consider  the  hydrodynamic  origin  of  hydrodynamic 
forces.  Although  the  classical  linear  equations 
are  evidently  satisfactory  for  quasi-steady  motions 
it  is  not  at  all  clear  that  this  good  fortune  will 
persist  in  nonlinear  theories  and  especially  in 
situations  where  the  motion  is  not  periodic.  We 
recommend  reading  the  discussion  of  stability 
derivatives  in  A.  Robinson  and  H.A.  Laurmann's 
Wing  Theory  (Cambridge  University  Press,  1956,  pp. 
1*82-1*81*). 


We  are  sorry  if  we  overlooked  in  the  papers  of 
Bishop,  Burcher  and  Price,  a definition  of  "slow 
motion"  in  quantitative  terms,  as  described  by 
Dr.  Price.  Unfortunately,  the  cited  papers  were 
not  available  to  us  when  our  paper  was  written,  and 
in  fact,  are  still  not.  However,  the  two  defini- 
tions are  clearly  related. 

There  are  two  aspects  to  our  definition.  One, 
the  time  constant  tc , is  determined  by  the  'system' 
i.e.,  the  ship.  The  other  refers  to  the  motion 
itself  and  states  that  a solution  of  (1*6)  that  also 


W.G.  PRICE 
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satisfies  ( 51 ) can  be  uniformly  approximated  by  a 
solution  of  (1*7)  with  the  same  initial  conditions. 
Dr.  Price's  time  constant  ts  is  clearly  similar  to 
our  tc  (in  fact,  ts  > tc),  but  his  later  develop- 
ments do  seem  to  require  that  Nyy(x)  5 0 for 
t > t . The  later  statement  about  convergence 
of  the  series  seems  to  presuppose  that  it  is  a 
series  with  alternating  signs,  but  in  fact  there 

is  no  reason  to  suppose  that  v,  v,  v,  are 

all  positive  or  even  all  of  one  sign.  The  argument 
can  doubtlessly  be  fixed  up,  but  we  note  that  our 
own  definition  handles  the  question  of  periodic 
motion  nicely  without  further  assumptions  about 
the  existence  of  higher  derivatives  or  of  their 
boundecine=s.  By  the  mean-value  theorem: 

|v(t  - t)  - v(t) | = | tv ( t - ax) | , 0 < t < t 

where  0 < a(t,  x)  < 1,  so  that  our  inequality  (51) 
imposes  essentially  the  same  requirement  upon  a 
periodic  motion. 

We  should  like  to  emphasise  a remark  already 
made  in  the  reply  to  Professor  Fujino's  discussion. 
This  is  that  we  are  not  really  discussing  "slow" 
motion,  but  rather  quasi-steady  motion.  Slowness 
is  already  involved  in  the  assumption  of  linearized 
equations  (our  (11)  or  ( U6 ) ) , but  not  in  the 
present  considerations.  It  has  been  pointed  out 
by  one  of  us  (C.A.S.)  that  if  still  a different 
criterion  is  introduced,  that  of  'almost  constant 
acceleration'  instead  of  'almost  constant  velocity' 
then  Professor  Fujino's  proposed  equation  is  ob- 
tained as  the  correct  approximating  eouation.  To 
be  specific,  define  a different  time  constant  ta 
by  the  inequality 


oo 

H 


xN  (T)dT 

yy 


i 

F E 


(8 


yy 


N ). 

yy 


A motion  satisfying  (1+6)  will  be  said  to  be  of 
'almost  constant  acceleration  if 


|vx(t  - x)  - v1  (t)  I < £ e V[8  + 


00  00 
/ N (x)dx]/  / |ll  (x)  |dT 

o yy  o yy 

for  0 « x < t , where  ^ = sup[v(t)| , assumed  > 0. 
(Here  we  assuSe  v bounded,  whereas  in  (1+9)  it 
was  v. ) For  such  a motion  it  is  possible  to  show 
that  any  solution  of  (1+6)  satisfying  the  above 
equality  can  be  uniformly  approximated  by  a solution 
of  Professor  Fujino's  proposed  equation.  In  parti- 
cular, if  vg(t)  is  a solution  of  the  latter  with, 
the  same  initial  conditions,  then  |v-^  - Vg|  < t V e. 

The  question  remains,  of  course,  of  deciding 
which  is  the  more  important  concept,  'almost  con- 
stant velocity'  (quasi-steadiness)  or  'almost  con- 
stant acceleration'.  We  believe  that  the  former 
is  more  important  for  most  ship  manoeuvers,  but 
perhaps  there  is  room  for  disagreement. 


Discussion  on  Paper  by  S.  Takezawa  et  al 


A.N.  KHOLODILIN 


The  transient  test  method  is  very  useful  and 
economical.  The  work  which  has  been  done  by  the 
authors  of  papers.  Part  I as  well  as  Part  II,  is 
very  important  and  interesting.  TWW  method  may  be 
used  in  many  cases  for  testing  ship  models. 

This  method  has  been  used  by  the  Leningrad 
Shipbuilding  Institute  towing  tank  too.  The  expe- 
riments with  antipitching  fins  may  be  given  as 
example.  The  results  of  data  received  by  the  test 
in  regular  waves  and  by  TWW  method  were  in  good 
agreement.  (See  A.N.  Kholodilir.,  Ship's  Stabiliza- 
tion, in  Russian  Sudostroenie , Leningrad,  1973.) 


Authors’  Reply 


The  authors  are  sincerely  grateful  to 
Dr.  A.N.  Kholodilin  who  introduced  the  antipitchiig 
fin  test  by  TWW  method. 

As  stated  in  our  paper,  in  the  application  of 
transient  response  method  for  determining  fre- 
quency transfer  function  of  a system,  the  most 
important  point  to  be  considered  is  that  the  tested 
system  should  be  linear  in  the  frequency  range  of 
interest.  In  the  case  of  the  antipitching  fin  test 
in  transient  water  waves,  if  fins  cause  nonlinear 
effects  due  to  the  resultant  (effective)  attack 
angle  and  the  aspect  ratio  of  the  fin,  special 
treatment  may  be  needed  in  analysis  work.  However, 
pitching  motion  is  small  compared  with  rolling 
motion,  and  consequently  fin  effect  may  be  linear 
with  respect  to  wave  height , and  the  linear  analy- 
sis may  be  allowed. 

The  authors  hope  that  transient  response  methods 
will  be  applied  to  various  kinds  of  experiments, 
and  will  be  developed  for  the  practical  methods  of 
testing  ship  models. 
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THE  'WAVEDOZER':  A TRAVELLING  BEAM 
WAVEMAKER 


11.3 


N.  HOGBEN 

National  Physical  Laboratory,  Feltham,  UK 


synopsis 

This  paper  describes  the  development  and  operation  of  a prototype  travelling  beam  wavemaker  christened  the 
'Wavedozer'.  It  is  a simple  and  relatively  cheap  device  for  making  large  waves  in  a conventional  ship 
model  towing  tank.  It  consists  of  a transverse  flap  mounted  under  the  towing  carriage  and  spanning  the 
full  tank  width  which  leaves  a train  of  waves  in  its  wake . When  the  carriage  stops  these  waves  continue 
into  the  remaining  length  of  tank  where  the  test  models  are  placed. 

The  paper  reports  results  from  systematic  proving  tests  documenting  its  performance  and  providing  design 
data. 

1.  INTRODUCTION  Lw  Wetted  chord  length 

q Wave  group  velocity  factor 

Rw  Wave  resistance 

The  rapid  expansion  of  ocean  engineering  in  recent  Si,  S2,  S3  and  Sl(  Run  history  parameters 

years  has  provided  a powerful  stimulus  to  the  (See  fig  8) 

development  of  new  experimental  techniques.  The  t,  ti  and  t2  Time  variables  (See  fig  12) 

’Wavedozer1  is  a simple  and  relatively  cheap  device  W Spring  balance  reading  during  steady 

for  making  large  waves  in  a conventional  ship  model  run 

towing  tank  developed  by  Ship  Division  of  the  W0  Spring  balance  reading  at  rest 

National  Physical  Laboratory  mainly  for  use  in  x,  xi , X2  Distance  coordinates  (See  fig  12) 

testing  offshore  structure  models.  It  consists  of  9 Flap  incidence  angle 

a transverse  flap  mounted  under  the  towing  carriage  6 •)  Incidence  of  flap  support  arm 

and  spanning  the  full  tank  width  which  leaves  a X Wavelength  according  to  linear  theory 

train  of  waves  in  its  wake  when  the  carriage  is  p Density  of  water 

running.  When  it  stops  these  waves  continue  into 
the  remaining  length  of  tank  where  the  test  models 

are  placed.  2.  PRELIMINARY  INVESTIGATIONS 


This  paper  describes  the  development  and  operation 
of  a prototype  Wavedozer  which  at  the  time  of  writ- 
ing is  available  in  the  Ship  Division  No.  2 tank  at 
Teddington  and  has  already  been  used  for  several 
research  investigations  of  considerable  practical 
significance.  Brief  reference  will  also  be  made  to 
the  more  permanent  Wavedozer  facility  which  is  in 
course  of  development. 


NOMENCLATURE 


'-o 

d 

K 


g 

H 

Hi 


H2 

k 

L,  Li 


Carriage  speed  or  wave  phase  speed 
Value  of  c during  steady  run 
Water  depth 

Flap  drag  coefficient  = 


16  Rtj 

pgbH*  (1-2  kd/Sinh  2kdT 

Froude  number  = c/Vgd 
Acceleration  due  to  gravity 


Wave  height 

Wave  height  measured  from  first  crest  to 
second  trough  behind  carriage  in  metres 
Height  in  metres  of  highest  wave  from 
trace  recorded  at  test  cylinder 
Wave  number  = 2ir/X 


Dimensions  of  flap  support  arms 


Experiments  using  a vertical  beam  with  a rounded 
bottom  clamped  to  the  back  of  the  No.  2 tank  carr- 
iage gave  a first  indication  of  the  possibilities 
of  the  technique.  The  photographs  in  figure  1 show 
the  waves  generated  in  this  case  both  as  formed 
behind  the  carriage  and  as  subsequently  propagated 
into  the  test  area  beyond  the  stopping  point  of  the 
carriage.  The  No.  2 tank  is  6 metres  wide  and  the 
water  depth  for  these  tests  was  2.3  m.  (This  is 
less  than  the  normal  working  depth  of  2.7  m to 
allow  clearance  for  the  wave  crests).  The  experi- 
ments were  in  fact  originally  intended  merely  to 
study  the  effect  of  the  slight  wall  slope  in  this 
tank  on  a train  of  waves  and  not  as  a trial  for  a 
new  wavemaking  device.  When  it  was  found  however 
as  shown  in  the  figure  that  waves  of  the  order  of 
5 metre  high  could  be  generated  so  simply  it  was 
decided  to  explore  the  potential  of  towed  beam 
wavemaking  more  fully. 

With  the  vertical  beam  as  might  be  expected  there 
was  a high  rate  of  energy  loss  which  was  indeed 
evident  from  the  turbulent  appearance  of  the  wavps 
behind  the  carriage  in  this  case.  This  involved  a 
correspondingly  high  drag  and  in  fact  the  only 
reason  waves  higher  than  half  a metre  could  not  be 
generated  was  that  with  the  power  available  the 
carriage  could  not  be  driven  faster  them  about  3 m/s 
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which  is  less  than  half  its  normal  maximum  operat- 
ing speed.  Attention  was  therefore  concentrated  on 
seeking  a more  efficient  beam  configuration  to 
reduce  the  losses  and  hence  allow  higher  carriage 
speeds  to  be  achieved.  Intuitively  it  was  felt 
that  greater  efficiency  could  best  be  achieved  by 
spreading  the  load  over  a wider  area  of  surface. 
This  led  to  the  concept  of  a planing  lamina  as  a 
basic  model  for  evaluation  and  it  was  decided  to 
undertake  some  exploratory  tests  of  this  idea  in  a 
small  circulating  water  channel  before  trying  it  on 
the  tank. 

2. 1 Tests  in  Small  Channel 

The  experiment  can  be  simulated  in  a small  channel 
with  the  wavemaking  device  fixed  and  the  flow  speed 
scaled  by  Froude ' s law  to  correspond  to  the  carr- 
iage speed.  The  tests  were  in  fact  conducted  at 
about  one  tenth  of  the  linear  scale  of  the  experi- 
ments in  the  tank,  in  a channel  (see  figure  2) 

0.36  m wide  run  at  0.23  m depth.  The  main  purpose 
was  to  seek  the  most  efficient  configuration  and 
derive  data  to  guide  the  design  of  a prototype.  The 
primary  design  parameters  considered  were  angle  of 
incidence  and  initial  immersion  of  the  lamina  and 
the  criterion  of  efficiency  was  that  the  drag 
should  be  minimum  for  a given  limiting  wave  height 
and  that  the  wetted  chord  should  not  be  too  large. 
The  lamina  was  mounted  on  a specially  designed  piv- 
oted balance  arm  as  shown  in  figure  3 allowing 
independent  setting  of  incidence  and  immersion,  the 
attitude  being  maintained  by  weights  providing  an 
approximate  measure  of  the  lift  and  drag  forces. 

A systematic  schedule  of  tests  covering  a range  of 
incidence  angles  and  immersions  was  carried  out  and 
figure  H shows  some  photographs  used  for  measuring 
the  wave  heights  achieved  at  various  incidence 
angles.  In  all  cases,  the  test  conditions  were 
adjusted  until  the  flow  speed  corresponded  to  a 
Froude  number  Fn  = c/Jgd  = 0.67  and  the  first  crest 
reached  the  limiting  height  beyond  which  it  began 
to  break.  This  was  found  to  be  a very  clear  crit- 
erion which  could  be  set  with  high  precision. 

Figure  ltd  in  which  the  incidence  is  90°  is  in  fact 
a simulation  of  the  original  experiment  with  the 
vertical  beam  in  No.  2 tank  and  indicates  the  rel- 
ative inefficiency  of  this  arrangement  with  high 
level  of  turbulence  and  diminution  of  the  wave 
height  downstream. 

Some  of  the  results  of  the  experiments  are  plotted 
in  figure  5 . These  broadly  confirmed  the  advantage 
of  the  planing  lamina  concept  and  showed  that  the 
energy  loss  and  associated  drag  decreased  with  de- 
creasing incidence  but  at  the  cost  of  increasing 
wetted  chord.  Because  of  the  small  scale,  the 
difficulty  of  maintaining  steady  conditions  and 
certain  inherent  approximations  in  the  method  of 
measurement,  high  accuracy  cannot  be  claimed  for  the 
results;  there  is  in  fact  rather  a wide  scatter 
although  considerable  care  was  taken  in  the  conduct 
of  the  tests.  Nonetheless  the  investigation  served 
the  purpose  of  providing  a rough  experimental  basis 
on  which  to  design  a prototype  Wavedozer  for  the 
No.  2 tank.  It  also  offered  the  opportunity  for 
comparisons  of  theoretical  methods  of  estimating 
the  relation  of  drag  and  wave  height  with  measure- 
ments which  yielded  some  puzzling  results. 

2.2  Comparison  of  Theory  and  Experiment 

The  theory  of  waves  due  to  travelling  disturbances 
is  very  extensively  documented  in  the  literature 


and  text  book  accounts  may  be  found  for  example  in 
(l)  and  (2).  Linear  theory  for  the  present  case  of 
a 2-dimensional  disturbance  leads  to  the  following 
simple  formula  relating  the  drag  or  'Wave  resist- 
ance' Rw,  the  wave  height  (crest  to  trough)  H, 
and  the  water  depth  d. 


w 

b 


(1-2  kd/Sinh  2kd) 


where  b 
k 
c 


Tank  width 

-&r  tanh  kd  = 2m/X 

Speed  of  travel 


X = Wave  length 


The  same  formula  applies  to  the  case  of  an  obstacle 
in  a channel  with  c being  then  the  speed  of  flow. 
It  should  be  noted  that  at  high  speeds  in  water  of 
finite  depth,  the  factor  (1-2  kd/Sinh  2kd)  which  is 
unity  for  deep  water  decreases  and  greater  wave 
heights  may  then  be  expected  for  a given  drag.  When 
the  waves  are  very  steep  it  must  be  expected  that 
linear  theory  will  no  longer  be  reliable.  Various 
non-linear  theories  exist  (see  for  example  refer- 
ences (3)  to  (5))  but  they  cannot  predict  the 
effects  of  turbulence  unless  the  corresponding 
energy  losses  are  known. 


Comparison  of  linear  theory  with  experiment  is  ill- 
ustrated in  figure  5.  Figure  5a  plots  experimental 
values  of  the  coefficient 


D 


w 


!L5h 

pgbH2  (1-2  kd/Sinh  2kd) 


using  the  approximation  Rw  = W Sin  6 Cos  6 and  tak- 
ing H to  be  the  height  of  the  2nd  crest  as  shown 
in  figure  2.  Figure  5C  shows  the  corresponding 
values  of  wave  steepness  H/X . According  to  linear 
theory  Dy  = 1 and  the  theoretical  limit  for  H/X  is 
1/7  = 0.1^3.  Although  conditions  were  in  all  cases 
set  so  that  the  waves  were  on  the  verge  of  break- 
ing, the  measured  steepnesses  are  all  somewhat  less 
than  half  the  theoretical  limit.  The  experimental 
values  of  on  the  other  hard  range  between  3 

and  5 times  the  prediction  of  linear  theory.  It 
was  hence  found  in  fact  that  the  measured  resist- 
ances would  be  in  fair  agreement  with  linear  theory 
if  it  had  been  assumed  that  the  first  crest  of  the 
measured  waves  had  actually  reached  the  theoretical 
height  limit.  The  full  explanation  for  this  find- 
ing is  not  yet  known  but  the  defect  of  wave  height 
is  far  too  great  to  be  attributed  to  experimental 
error  or  to  the  difference  between  linear  and  non- 
linear theory.  Also  it  may  be  said  that  the  cond- 
ition of  incipient  breaking  at  the  first  crest  was 
very  clearly  defined  and  easily  set.  It  was  decid- 
ed that  substantial  energy  losses  must  have  been 
occurring  in  the  neighbourhood  of  the  plate  in 
conditions  of  incipient  wavebreaking  and  some  pitot 
traverses  were  made  upstream  and  downstream  of  the 
plate  to  try  and  identify  these.  Some  losses  were 
detected  but  they  were  only  enough  to  account  for 
about  a half  of  the  excess  wave  resistance. 


In  investigating  this  anomaly  reference  was  made  to 
a paper  by  Benjamin  (6)  which  describes  an  ident- 
ical experiment.  Here  it  is  reported  that  the  re- 
sistance, measured  in  the  same  way,  agreed  with  the 
value  for  a theoretical  wave  of  maximum  steepness 
at  the  point  when  the  first  crest  was  about  to 
break.  It  is  perhaps  significant  however  that  it 
is  not  stated  whether  the  wave  did  in  fact  reach 
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the  theoretical  steepness  limit. 

Some  further  light  has  been  shed  by  the  results  of 
the  prototype  experiments  in  No  2 tank  which  dis- 
played similar  behaviour  as  discussed  in  the  next 
section. 

3.  THE  PROTOTYPE  IN  NO.  2 TANK 

The  decision  to  build  a prototype  Wavedozer  happily 
coincided  with  a requirement  by  the  Maritime 
Science  Division  of  NPL  to  measure  loads  on  vert- 
ical cylinders  in  large  waves.  The  opportunity  was 
thus  afforded  for  proving  the  technique  in  applic- 
ation to  a practical  wave  loading  experiment.  The 
specification  for  the  prototype  was  based  on  the 
experience  gained  in  the  small  channel  and  the 
design  incorporated  provision  for  a similar  range 
of  variation  of  the  incidence  and  immersion  and  a 
similar  arrangement  for  approximate  measurement  of 
the  lift  and  drag.  Unfortunately,  time  limits  and 
other  factors  which  need  not  be  discussed  here,  led 
to  compromises  in  the  construction  and  installation 
stage  which  severely  limited  the  scope  for  varia- 
tion in  incidence  and  immersion.  Figure  6 is  a 
diagrammatic  sketch  of  the  prototype  arrangement  as 
installed  and  figure  7 shows  some  photographs  of 
the  waves  generated.  It  may  be  seen  that  the  waves 
are  now  much  larger  than  in  the  vertical  beam  tests 
illustrated  in  figure  1 because  of  the  higher 
carriage  speed  of  4 m/s  attainable  with  the  incli- 
ned flap. 

3. 1 Proving  Tests 

Figure  8 illustrates  the  experimental  layout . Wave 
profiles  were  measured  by  capacitance  probes  both 
at  the  test  cylinders  and  behind  the  carriage  while 
running.  In  the  latter  case  the  probe  was  hastily 
inserted  by  hand  behind  the  carriage  after  it  had 
passed  and  recording  was  commenced  in  the  neigh- 
bourhood of  the  firs^  trough.  A row  of  small  holes 
was  drilled  in  the  flap  for  observation  of  the 
wetted  chord  length  and  provision  was  made  for 
recording  a trace  of  carriage  speed  for  use  in 
studying  the  effect  of  variation  in  the  speed  hist- 
ory. The  flap  was  loaded  with  a steel  rail  weigh- 
ing about  a tonne  distributed  across  most  of  its 
width  and  spring  balances  fitted  to  each  of  2 supp- 
orting cables  were  used  to  measure  the  net  weight 
bearing  on  the  flap  during  runs  as  indicated  in 
fig  6. 

The  proving  tests  have  been  conducted  partly  to 
document  the  performance  of  the  prototype  and  part- 
ly to  provide  basic  data  for  use  in  design  of  other 
similar  installations.  Two  series  of  tests  have 
been  carried  out  at  each  of  2 flap  angles,  namely, 
14°  and  17^A°.  In  the  first  series,  speed  was 
varied  over  a wide  range  up  to  the  maximum  now 
attainable  of  k m/s  or  Fn  = 0.90;  in  the  second, 
speed  was  set  always  at  the  maximum  and  the  run 
history  parameters  Sg,  S3  and  S4  illustrated  in 
fig  8 were  varied.  Figs  9 to  11  show  the  results 
for  the  tests  at  1U°  flap  angle  (tests  for  the 
173/4°  angle  could  not  be  analysed  in  time  for  re- 
sults to  be  included  in  the  paper) . Fig  9 is  con- 
cerned with  conditions  at  and  behind  the  flap  and 
fig  10  with  conditions  at  the  test  cylinders  (see 
fig  8)  during  the  first  series  of  runs  in  which  the 
speed  was  varied.  Fig  11  is  concerned  with  the 
waves  at  the  test  cylinders  during  the  second  ser- 
ies when  run  history  was  varied  at  maximum  speed. 

3.2  Series  I:  Speed  Variation 


3.2.1  Conditions  at  and  behind  Ca:  -iage . Fig  9a 
presents  some  sample  traces  of  wav  s recorded  be- 
hind the  carriage  from  which  the  heights  Hi  measur- 
ed in  metres  from  the  first  crest  to  the  second 
trough  (see  fig  6)  were  derived.  The  first  trough 
is  at  the  left  hand  end  of  each  trace.  The  irreg- 
ularity developing  after  the  first  3 waves  is  due 
to  reflection  from  the  flap  after  the  carriage 
stopped  and  does  not  affect  the  waves  in  the  test 
area  as  may  be  seen  from  fig  10a.  Fig  9b  shows 
that  Hi  increases  approximately  linearly  with  speed 
up  to  a maximum  of  about  0.7  m (Hi/d  = 0.3)  at 
Fn  = 0.9.  The  height,  from  the  first  crest  to  the 
first  trough  was  difficult  to  measure  with  confid- 
ence but  it  is  estimated  that  it  reached  a maximum 
of  about  1 metre  at  Fn  = 0.9.  A photograph  of  this 
first  trough  and  crest  at  the  maximum  speed  is 
shown  in  fig  7a.  It  may  be  noted  in  passing  that 
for  scaling  up  to  a typical  North  Sea  water  depth 
of  say  140  m,  the  scale  factor  is  1:60  and  an  Hi  of 
0.7  m corresponds  to  a wave  height  full  scale  of 
1*2  m'.  It  should  be  added  however  that  in  these 
conditions  a very  substantial  advantage  was  gained 
from  the  effect  of  the  limited  depth  in  increasing 
the  wave  height  for  a given  drag  as  explained  in 
section  2.2.  At  the  maximum  carriage  speed  of 
1*  m/s  in  fact,  the  factor  (1-2  kd/Sinh  2kd)  in  the 
formula  for  drag  is  about  a half.  This  means  that 
the  wave  height  for  a given  drag  according  to  lin- 
ear theory  is  thus  about  50$  greater  than  it  would 
be  in  deep  water. 


Fig  9c  plots  measurements  of  the  flap  drag  coeffic- 
ient 
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which  should  be  unity  according  to  linear  theory. 
Here  the  wave  resistance  Rw  was  derived  from 
measurements  of  the  flap  loading  read  from  the 
spring  balances  (see  fig  6)  using  the  formula 


R 


w 


where  WQ 
W 


L 

L 


1 


e 

9l 


(Wq-W)(L1  Cos0 1 + L Cose)  Sine 

[l  + l1  cos  (e-e^] 

Spring  balance  reading  at  rest 
Spring  balance  reading  at  steady 
speed 

Distance  between  hinges  (See  fig  6) 
Distance  from  lower  hinge  to  trail- 
ing edge  of  flap 
Incidence  of  flap 

Incidence  of  flap  support  arm  attach- 
ed to  upper  hinge 


The  relatively  large  scatter  of  the  spots  and 
absence  of  results  at  lower  speeds  (Fn  < O.56)  re- 
flects the  difficulty  of  reading  the  fluctuating 
spring  balances  with  accuracy.  A mean  line  through 
the  spots  indicates  however  that  up  to  Fn  = 0.6, 
the  experimental  drag  agrees  quite  well  with  linear 
theory  but  beyond  that  speed  it  rises  steeply. 

This  steep  rise  presumably  indicates  the  develop- 
ment of  substantial  losses  at  the  higher  speeds. 

It  seems  significant  therefore  that  the  wave 
steepness  plotted  in  fig  9<i  rises  to  a peak  at 
Fn  = 0.6  and  then  declines  sharply.  It  is  puzzling 
however  that  the  peak  steepness  is  less  than  0.08 
which  is  little  more  than  half  the  theoretical 
maximum  and  that  there  was  relatively  little  evi- 
dence of  wave  breaking.  Even  at  the  maximum  speed 
the  first  crest  as  shown  in  fig  7U  shows  only 
incipient  breaking.  It  must  be  assumed  that  the 
losses  are  associated  with  the  very  strong  turbul- 
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ence  in  the  first  trough  pictured  in  fig  7a. 

There  is  some  similarity  between  these  results  and 
the  corresponding  findings  in  the  small  channel 
experiments.  Detailed  comparison  is  not  possible 
since  here  the  variable  is  speed  while  in  the 
channel  it  was  flap  angle . It  may  be  said  broadly 
however  that  the  unexplained  losses  are  relatively 
much  smaller  in  the  tank  than  in  the  channel. 

The  drag  data  in  fig  9c  can  be  used  for  estimating 
power  requirements  for  a given  wave  height.  For 
the  prototype  run  at  maximum  speed  of  1*  m/s  in 
water  2.3  m deep  when  reached  0.7  m,  the  drag 

per  metre  of  tank  width  was  376  Newtons  and  the 
corresponding  power  per  metre  was  2 horsepower. 
Guidance  on  the  size  of  flap  required  is  given  by 
fig  9d  which  shows  the  wetted  chord  length  as  a 
fraction  of  the  wavelength  according  to  linear 
theory  X computed  from  the  formula 

tanh  (2itd/X)/(2ird/X)  = Fn2 

The  larger  scatter  of  spots  at  the  top  speed  is  due 
to  the  fact  that  the  water  was  actually  spilling 
over  the  leading  edge  onto  the  top  of  the  flap  in 
this  case.  The  total  chord  of  the  prototype  flap 
was  1.5  m and  trailing  edge  immersion  when  station- 
ary was  5 cms.  It  was  found  to  be  important  to 
keep  this  small  to  minimise  drag  during  accelera- 
tion. 

3.2.2  Conditions  at  Test  Cylinders.  Fig  10  gives 
details  of  the  waves  recorded  at  the  test  cylind- 
ers. Before  reaching  the  test  area,  the  waves  must 
pass  the  stationary  flap  and  from  observation  it  is 
clear  that  there  is  a significant  degree  of  ref- 
lection and  energy  loss  associated  with  the  result- 
ing wave  impacts.  At  the  same  time  the  effect  of 
the  carriage  deceleration  is  to  induce  a 'telescop- 
ing' of  wave  energy  so  that  the  loss  of  height  due 
to  reflection  and  impact  losses  can  be  recovered  as 
the  waves  proceed  towards  the  test  area,  an  effect 
which  will  be  discussed  in  more  detail  in  section 
3.3.  It  should  also  be  noted  that  since  it  is  the 
wave  profile  and  not  the  actual  water  which  travels 
along  the  tank,  the  surface  of  the  waves  reaching 
the  test  area  is  very  'clean'  with  no  trace  of  the 
severe  turbulence  which  develops  behind  the  carri- 
age as  may  be  seen  in  the  photograph  fig  7c. 

Fig  10a  shows  2 short  sample  traces  of  waves  rec- 
orded at  the  test  cylinder  at  2 different  speeds. 

The  number  of  waves  in  a train  varies  with  carriage 
speed  but  may  be  estimated  by  noting  that  the  train 
of  waves  generated  lengthens  at  group  velocity.  At 
lower  speeds  therefore  when  the  water  is  effectively 
deep  and  the  group  velocity  is  Jc , the  number  of 
waves  should  be  roughly  half  the  length  of  steady 
run  divided  by  the  wavelength.  For  the  series  I 
tests  the  steady  run  length  ranged  between  about 
50  m and  80  m and  from  fig  9e  it  may  be  seen  that 
the  wavelength  ranged  from  about  1 m to  about  17  m. 
At  the  highest  speeds  the  water  could  not  be 
regarded  as  deep  and  the  group  velocity  was  there- 
fore greater  than  Jc.  The  corresponding  number  of 
substantial  waves  in  a train  was  then  in  fact  about 
5 or  6. 

Fig  10b  shows  spectra  calculated  from  the  2 sample 
traces  in  fig  10a  (.for  these  I am  indebted  to  my 
colleague  Mr  S J Rowe).  As  may  be  expected  they 
are  rather  narrow  banded  with  energy  concentrated 
in  frequencies  corresponding  to  those  of  the  waves 
generated  during  steady  running.  In  computing 


these  spectra  care  was  taken  to  exclude  the  very 
long  single  hump  due  to  transient  components  of  the 
disturbance  which  preceded  each  wave  train  as  may 
be  seen  in  fig  10a. 

In  practice  it  is  often  important  to  know  the  maxi- 
mum wave  height  attainable.  Fig  10c  shows  the 
variation  with  speed  of  H2  which  is  the  height  in 
meters  from  crest  to  trough  of  the  highest  individ- 
ual wave  recorded  at  the  test  cylinders  and  fig  lOd 
shows  the  corresponding  wave  steepness.  It  is  of 
interest  to  note  that  there  is  relatively  little 
difference  between  Hg  and  Hi  as  may  be  seen  by 
comparing  figs  10c  and  96.  In  spite  of  the  losses 
and  reflection  incurred  by  impact  of  the  waves 
passing  the  stationary  flap,  Hp  actually  reaches 
higher  values  at  the  top  speed  than  Hi , presumably 
due  to  the  'telescoping'  or  'energy  convergence' 
effect  mentioned  above.  This  is  a very  favourable 
result  since  Hg  is  the  important  height  from  the 
model  testing  point  of  view.  Scaled  up  by  a factor 
of  60  to  typical  North  Sea  depth  of  1^0  m,  the 
maximum  Hg  corresponds  to  a wave  height  of  more 
than  45  m.  It  must  be  remembered  of  course  that  as 
explained  when  discussing  Hi  in  section  3.2.1, 
these  waves  also  owe  much  of  their  height  to  the 
magnifying  effect  of  limited  depth. 

3.3  Series  II:  Variation  of  Run  History  at  Maxi- 
mum Speed 

Because  the  prototype  Wavedozer  flap  is  non  retract- 
able it  makes  waves  during  all  phases  of  its 
motion,  acceleration,  steady  running  and  braking. 

The  propagation  speed  of  the  waves  generated  at  any 
instant  will  vary  with  the  carriage  speed  and  the 
waves  recorded  at  the  test  cylinders  will  there- 
fore be  dependent  on  the  whole  speed  history  and 
the  distance  beyond  the  stopping  point  at  which  the 
waves  are  measured  (referred  to  in  fig  8 as  the 
'clearance'  distance  Si*).  Much  of  the  scatter  in 
the  series  I tests  was  in  fact  probably  largely  due 
to  the  difficulty  of  accurately  controlling  the  run 
history.  In  the  series  II  tests  an  attempt  was 
made  to  vary  the  distances  S2,  S3  and  Si*  (See  fig 
8)  for  2 main  reasons.  The  steady  run  length  was 
varied  to  obtain  data  on  the  minimum  tank  length 
required  for  achieving  a given  wave  height.  The 
braking  and  clearance  distances  were  varied  to 
provide  an  indication  of  the  optimum  siting  for  a 
test  object  to  obtain  the  maximum  advantage  from 
the  energy  convergence  effect. 

In  practice  it  proved  impossible  to  achieve  inde- 
pendent control  of  the  parameters  specially  in  the 
case  of  the  deceleration  distance  S3.  For  this 
reason  the  plottings  in  fig  11  do  not  include  any 
results  relating  to  systematic  variation  of  S3. 

Also  the  scatter  of  spots  for  S2  and  Si*  is  very 
wide  and  the  results  must  be  regarded  as  rather 
approximate.  Both  the  heights  and  the  distances 
have  been  divided  by  the  wavelength  X to  neutral- 
ise the  effect  of  speed  variations  which  were  sign- 
ificant although  all  runs  in  this  series  were  to 
set  to  the  maximum.  The  value  of  X computed  from 
linear  theory  as  explained  previously,  varied  in 
fact  between  about  13  m and  17  m with  an  average  of 
about  15  m or  6.5  d.  The  dotted  lines  are  rough 
upper  boundaries  for  the  spots. 

From  fig  11a  it  may  be  suggested  as  rough  guide 
that  for  the  prototype  conditions  with  water  depth 
of  2.3  m,  the  steady  run  length  requirement  is 
about  3X  for  H2  = 0.7  m and  about  IX  for  H2  = 

0.6  m.  When  scaled  up  to  typical  North  Sea  water 
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depth  by  a factor  of  60,  0.7  m becomes  42  m and 
0.6  m becomes  36  m both  substantially  greater  than 
the  commonly  assumed  estimate  of  30  m for  the 
highest  wave  in  50  years. 

For  practiced  design  purposes  it  is  helpful  to  be 
able  to  estimate  the  total  run  length  requirement 
including  the  acceleration  and  braking  distances  S ^ 
and  S3.  These  are  of  course  strongly  dependent  on 
the  powering  and  control  characteristics  of  the 
particular  carriage  concerned  as  well  as  on  the 
drag  of  the  flap.  Also  it  is  difficult  to  be 
precise  in  defining  the  points  of  transition  from 
acceleration  to  steady  run  a fact  which  explains 
some  of  the  scatter  in  fig  11a.  Estimates  of  Si 
and  S3  were  made  for  each  run  but  there  was  very 
wide  scatter  specially  in  Si  and  the  best  that  can 
be  said  is  that  Si  lay  generally  between  2X  and  3A 
and  S3  between  IX  and  21.  The  total  run  length 
requirements  were  very  approximately  about  6X  or 
90  m for  H2  = 0.7  m and  about  4l  or  60  m for  H2  * 
0.6  m. 

Considering  now  the  clearance  distance  Si*  for  the 
test  object,  its  effect  on  wave  height  is  plotted 
in  fig  11b.  The  scatter  of  the  spots  in  this  case 
is  even  greater  and  only  rather  tentative  comments 
can  be  made.  The  upper  boundary  indicates  a sub- 
stantial rise  of  wave  steepness  attainable  as  Si*  is 
reduced  towards  the  minimum  value  of  about  0.8X 
possible  from  the  safety  point  of  view.  This  is 
consistent  with  the  experimental  observation  that 
the  waves  grew  to  a peak  height  about  15  m beyond 
the  stopping  point  of  the  carriage  as  confirmed 
indeed  by  the  envelope  of  wetness  left  on  the  tank 
wall.  A possible  explanation  for  this  as  already 
suggested  is  that  as  the  carriage  begins  to  brake 
there  is  a 'telescoping'  or  'convergence'  of  the 
wave  energy.  The  effect  could  also  be  interpreted 
as  the  development  of  a ’beat’  due  to  the  reduct- 
ion of  wave  frequency  associated  with  the  decelera- 
tion. In  practice  such  a mechanism  could  only  have 
operated  in  the  initial  stages  of  deceleration 
because  the  leading  wave  quite  quickly  overtook  the 
flap  which  then  lost  contact  with  the  water  until 
the  impact  of  the  following  crest.  The  beat  once 
established  however  could  be  of  sufficiently  long 
period  to  explain  the  observed  peaking  of  the 
height  envelope. 

In  principle  it  seems  possible  that  such  an  effect 
could  be  optimised  by  suitable  control  of  the 
deceleration  and  a tentative  theoretical  basis  for 
this  is  outlined  in  the  appendix.  The  idea  is  to 
determine  a deceleration  history  such  that  all  the 
energy  generated  while  the  carriage  is  slowing 
down  reaches  a chosen  target  point  at  the  same  time . 
It  is  unlikely  to  have  much  rele/ance  to  the 
present  experiments  since  it  assumes  that  the  water 
is  sufficiently  deep  for  the  group  velocity  to  be 
Jc  and  also  that  the  flap  continues  making  waves 
throughout  the  deceleration.  It  is  included  how- 
ever because  there  might  be  cases  where  the  water 
is  sufficiently  deep  and  the  slowing  down  suffic- 
iently gradual  for  the  argument  to  have  some  mean- 
ing at  least  during  the  early  stages  of  decelerat- 
ion. It  leads  in  fact  to  the  conclusion  that  the 
rate  of  deceleration  should  be  constant  and  that 
the  target  should  be  at  the  stopping  point. 

4.  APPLICATIONS 

The  Wavedozer  is  seen  primarily  as  a relatively 
cheap  and  simple  way  of  generating  very  large  waves 
in  a conventional  ship  towing  tank.  In  the  first 


few  months  of  its  existence  the  prototype  has 
already  been  used  for  3 different  investigations. 
The  first  was  a study  of  wave  loading  on  vertical 
cylinders  with  special  attention  to  scale  effects 
and  the  influence  of  surface  roughness.  The 
ability  to  make  waves  high  enough  to  induce  large 
drag  forces  at  reasonably  high  Reynolds  numbers  was 
a crucial  factor  in  this  investigation  carried  out 
by  the  NPL  Division  of  Maritime  Science.  The 
second  was  a study  of  waveloading  on  horizontal 
cylinders  with  special  attention  to  slamming 
carried  out  by  a team  from  University  College 
London  working  under  contract  to  NPL.  Here  again 
the  large  waves  were  crucial  since  it  was  found  to 
be  impossible  to  induce  slamming  in  smaller  waves. 
The  third  application  was  a study  of  the  kinematics 
of  plunging  breaker  waves  by  Prof.  Longuet-Higgins 
of  Cambridge  University  and  the  Institute  of  Ocean- 
ographic Sciences.  A high  speed  cine  record  was 
made  of  the  profiles  of  waves  breaking  on  the  beach 
at  the  far  end  of  the  tank  for  comparison  with 
theoretical  computations  of  the  profile  history. 

The  present  author  was  not  directly  involved  in  any 
of  these  investigations  but  it  is  expected  that 
they  will  be  reported  in  the  literature  in  due 
course.  Meanwhile  work  is  in  hand  on  the  develop- 
ment of  an  improved  and  more  permanent  Wavedozer 
facility  with  a flap  which  is  retractable  to  avoid 
losses  and  reflection  due  to  impacts  by  waves 
passing  the  stationary  carriage. 

5.  CONCLUSIONS 

The  paper  has  described  the  development  and  proving 
of  a prototype  'Wavedozer'  or  travelling  beam 
wavemaker  and  has  referred  briefly  to  practical 
applications  for  which  it  has  already  been  used.  It 
has  been  shown  that  it  is  an  effective  and  relat- 
ively cheap  and  simple  way  of  generating  very  large 
waves  in  a conventional  ship  towing  tank  and  data 
defining  its  performance  and  providing  guidance  for 
design  of  other  installations  are  presented. 

Waves  greater  than  three-quarters  of  a metre  in 
height  in  water  of  2.3  metres  depth  have  been 
achieved  with  the  prototype  and  an  improved 
installation  with  a retractable  flap  is  being 
developed  which  should  achieve  substantially  great- 
er heights  by  avoiding  losses  and  reflection  due  to 
impact  of  waves  passing  the  stationary  carriage. 
Data  on  run  length  requirement  for  given  wave 
height  capability  are  included  in  the  paper  and 
indicate  that  when  the  steady  run  length  is  reduced 
to  about  one  wavelength  at  maximum  speed  (about 
15  m at  4 m/s  for  the  prototype)  wave  heights  of 
about  0.6  m could  still  be  attained  in  the  test 
area.  Investigation  of  the  optimum  siting  of  the 
test  object  to  achieve  maximum  wave  height  suggest- 
ed that  this  should  be  within  about  one  wavelength 
from  the  stopping  point  of  the  carriage. 

The  paper  also  includes  data  on  the  variation  of 
drag  and  wetted  chord  of  the  flap  with  speed  to 
assist  in  design  of  hardware.  The  drag  data  can  be 
used  for  estimating  flap  loading  and  power  required 
and  the  wetted  chord  length  for  deciding  the  flap 
size.  Data  on  the  effect  of  varying  flap  incid- 
ence are  unfortunately  only  available  from  the 
small  scale  channel  experiments  which  were  not 
very  accurate.  These  indicate  as  expected  that 
drag  decreases  with  incidence  but  wetted  chord 
increases.  The  14°  angle  used  for  the  prototype 
seemed  to  strike  a reasonable  balance  between  the 
requirement  to  minimise  drag  and  the  need  to  avoid 
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excess  flap  size  and  lift  forces . 

Regarding  applications,  the  Wavedozer  is  seen  prim- 
arily as  a facility  for  making  very  large  waves  and 
there  are  many  requirements  for  such  a facility 
specially  in  connection  with  testing  of  offshore 
structures  where  scaling  problems  and  the  need  to 
model  extreme  '50  year  wave'  conditions  are 
important.  The  prototype  has  already  been  used 
within  the  first  U months  of  its  existence  for  3 
different  practical  investigations. 
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APPENDIX:  ENERGY  CONVERGENCE 

In  the  case  of  a conventional  wavemaker  mounted  at 
the  end  of  a tank,  it  is  known  that  by  suitable 
variation  of  frequency  a high  concentration  of  wave 
energy  and  correspondingly  large  waves  can  be  made 
to  develop  at  some  chosen  distance  from  the  wave- 
maker.  The  mechanism  involves  a steady  decrease  of 
frequency  so  that  the  flux  rate  of  the  wave  energy 
generated  at  each  successive  instant  increases  in 
such  a way  that  all  the  energy  arrives  at  the  cho- 
sen point  at  the  same  time.  The  same  basic  princi- 
ple can  be  applied  in  the  case  of  the  travelling 
wavemaker  the  idea  now  being  to  control  decelera- 
tion in  such  a way  that  the  energy  generated  at 
each  successive  position  converges  at  a chosen  tar- 
get point  at  the  same  time . 

Fig  12  illustrates  the  concept  and  indicates  the 
basis  on  which  the  deceleration  rate  needed  to 
' hit ' a given  target  can  be  deduced  for  the  case  of 
deep  water  in  which  the  group  velocity  is  a const- 
ant fraction  of  the  phase  velocity.  From  the 
figure  it  may  be  seen  that  the  condition  that  all 
the  energy,  travelling  at  group  velocity  cg  = qc 
shall  reach  the  target  distant  x2  from  the  start 
of  deceleration  at  the  same  time  t2  = xp  is: 

Q.c0 

x2  = J C dt  + qc  - t) 

which  on  differentiation  with  respect  to  t may  be 
written  as 

i - c *t> 

where  f(t)  = (l-q)/(qt  - x2/c0) 

It  may  be  shown  that  this  leads  to 

c = c (1-q  Sa  t)^q  ^ 

O X2 

or  2 , 

# - f*  " 2) 

cll  *2  X2 


In  deep  water  q = s and  these  formulae  become 

C = C°  (1  - It, 

. 2 
dc  _ Co 

dt  2xg 


In  water  of  finite  depth  d,  the  group  velocity 
factor  q is  related  to  the  speed  c by 

q = i (1  + 2 kd/Sinh  2kd) 


and 


c2  = ^ tanh  kd 

k 


This  means  that  when  c is  large,  q will  vary 
significantly  with  speed  and  the  foregoing  analysis 
cannot  be  applied.  It  is  commonly  assumed  that 
water  can  be  regarded  as  de^p  when  X/d  < 2 and 
this  corresponds  to  Fn  < Tt~s . 


The  argument  also  assumes  that  the  flap  continues 
to  make  waves  throughout  the  deceleration.  Unfort- 
unately in  the  case  of  the  experiments  described  in 
the  paper  the  flap  only  maintained  steady  contact 
with  the  water  in  the  early  stages  of  the  deceler- 
ation when,  at  least  for  the  high  speed  runs,  the 
water  could  not  be  regarded  as  deep.  The  argument 
has  been  included  however  because  there  may  be  sit- 
uations where  the  speed  is  low  enough  and  the  de- 
celeration gradual  enough  for  the  theory  to  be 
relevant.  The  conclusion  to  which  it  leads  is  that 
the  deceleration  should  be  constant  and  that  the 
target  should  be  at  the  stopping  point  of  the 
carriage . 
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Fig.  1 (b) 
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AN  EXPERIMENTAL  INVESTIGATION  OF  THE 
THREE-DIMENSIONAL  TURBULENT  BOUNDARY 
LAYER  ON  A SHIP  MODEL 

L.  LARSSON 

The  Swedish  State  Shipbuilding  Experimental  Tank  (SSPA)  Gothenburg.  Sweden 


SYNOPSIS 

The  purpose  of  the  present  investigation  has  been  to  produce  a test  case  for  boundary  layer  calculations 
on  ship-like  bodies.  A 2 m double  model  of  a cargo  liner  (Cg  = 0.675)  has  been  investigated  in  a wind 
tunnel  at  R„  = 5 ' 10G . Boundary  layer  velocity  profiles  and  static  pressure  have  been  measured  at  a large 
number  of  points  distributed  over  the  whole  surface.  An  account  is  given  here  of  the  experimental  tech- 
nique, and  the  results  are  presented  in  some  detail.  First,  however,  a summary  is  given  of  the  theory  for 
three-dimensional  turbulent  boundary  layers  and  of  previous  work  in  this  area. 


1.  INTRODUCTION 

Most  work  on  three-dimensional  turbulent  boundary 
layers  has  been  carried  out  at  institutions  con- 
nected to  the  aircraft  industry'.  Boundary  layers 
of  ships  have  more  seldom  been  studied,  and  then 
quite  often  in  the  light  of  two-dimensional  theo- 
ries. This  is  a pity  since  the  pressure  distribu- 
tion on  ship-like  bodies  indicates  that  three- 
dimensional  effects  may  be  significant. 

To  investigate  the  state  of  the  art  on  three- 
dimensional  turbulent  boundary  layers  an  extensive 
literature  survey  was  made  by  the  author  /l/.  This 
study  was  supplemented  by  a separate  survey  of  the 
literature  on  ship  boundary  layers  /2/.  It  was 
found  that  several  fairly  accurate  calculation 
methods  could  be  used  for  simple  geometries,  al- 
though little  was  known  about  their  application  to 
complicated  flows,  such  as  the  one  outside  a ship 
hull.  No  systematic  investigation  of  the  basic 
assumptions  had  been  carried  out  for  this  case  and 
experimental  results,  which  could  be  compared  with 
complete  calculations,  were  very  rare. 

Therefore  it  was  considered  fruitful  to  undertake 
an  investigation,  in  which  the  basic  assumptions 
could  be  tested  and  complete  calculations  could  be 
compared  with  measured  parameters.  This  investiga- 
tion is  described  here  and  in  more  detail  in  /3/. 


SYMBOLS 


H 1 2 

H2  3 

k12 


Form  parameter  for  the  velocity 
profile,  eq  ( 19 ) 

Form  parameter  for  the  velocity 
profile,  eq  ( 19 ) 

Streamline  curvature 


K2  i 


Potential  line  curvature 


LBP 


Length  between  perpendiculars  for  the 
model 


Ml,  M2 


T 


Mean  values  of  differences  between 
assumptions  and  measurements 

Reynolds'  number  based  on  0n 

Depth  of  the  model 


U , U , U , Effective  velocity  measured  by  the 
0 er  el  • , * 

probe  turned  to  the  right  (r)  and  to 

the  left  (l) 


U Undisturbed  velocity 

X,  Y,  Z Cartesian  coordinate  system  defined 

in  Fig  9 


hi,  h2 , h3  Metrics 


k 


Coefficient  in  Hinze's  law  for  the 
directional  sensitivity  of  a hot  wire 


1 


Mixing  length 


P 

P. 

q 


Pressure 

Undisturbed  pressure 
Total  velocity 


A,  B,  C,  D Constants  in  the  wall  law  and  the 
law  for  the  blending  region 

B Breadth  of  the  model 

Cg  Block  coefficient  of  the  model 

.Cj.  Skin  friction  coefficient  along  the 

wall  shear  stress 


V % 

qT 

r 

U,  V,  w 


Law  of  the  wall  and  law  of  the  wake 
parts  of  q 

Shear  velocity  (total) 

Correlation  factor 

Velocity  components  in  the  x,  y,  z 
system 


C 

P 

G 


Hi 


Pressure  coefficient  ue 

Form  parameter  for  the  velocity 

profile  (Clauser)  uT 

Form  parameter  for  the  velocity  ▼ 

profile  (Head) 


Velocity  at  the  edge  of  the  boundary 
layer 

Shear  velocity  along  x 

Half  of  the  probe  turning  angle 
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x,  y,  z 

z* 

6 


Coordinates  of  a curvilinear  system 

Dimensionless  distance  from  the  wall 
(=  z q^/  v) 

Angle  between  the  velocity  vector  and 
the  x-axis  (crossflow  angle) 

Wall  crossflow  angle  referred  to  the 
x-axis 


u_3ij  v_3u  3u 
hi  3x  h2  3y  W 3z 


v(uKi2  - vK2 i ) 


u 3u 


e e 

hi  3x 


u 3v 
hi  3x 


v 3v 
h2  3y 


+ w + UVK2  i + (u2  - u2 )Ki 2 


, 3t 

I_y 

p 3z 


(1) 


0 


6 Wall  crossflow  angle  measured 

y (cf/2>"> 

6 Boundary  layer  thickness 

6 i , 62  Integral  thicknesses  (displacement) 

El,  62  (energy) 

9ii,  012,  022  (momentum) 

K von  Karman's  constant 


The  continuity  equation  becomes 

|^(h2u) +|^(hiv)  + |^(hih2w)  = 0 (2) 

In  these  equations  u,  v,  w are  mean  values.  K12 
and  K21  are  the  curvatures  of  the  stream-  and 
potential  lines  respectively.  Ug  is  the  velocity  at 
the  boundary  layer  edge,  while  Tx  and  Ty  are  com- 
ponents of  the  shear  stress: 


v Kinematic  viscosity 

II  Coles'  wake  factor 

p Density 

T Shear  stress 

Turbulent  part  of  the  shear  stress 

T Shear  stress  at  the  wall 

w 

<f>  Velocity  potential 


2.  THEORY  AND  PREVIOUS  WORK 
2.1  Governing  equations 

Three-dimensional  boundary  layers  differ  from  two- 
dimensional  ones  in  that  pressure  derivatives 
occur  in  a lateral  direction  referred  to  the 
streamlines  at  the  edge  of  the  boundary  layer. 

These  derivatives  give  rise  to  velocity  components 
in  their  own  direction  and  crossflow  velocities 
appear.  See  Figure  1. 

The  lateral  pressure  derivative  makes  the  external 
streamlines  bend  in  such  a way  that  the  centri- 
fugal force  acting  on  each  element  of  fluid  is 
balanced  by  the  lateral  pressure  force.  The  prob- 
lem of  calculating  the  boundary  layer  may  be  simp- 
lified, if  the  coordinate  system  is  based  on  these 
external  streamlines  (y  = const)  and  their  ortho- 
gonal trajectories,  i e the  potential  lines  (x  = 
const).  An  orthogonal  curvilinear  system  as  in 
Figure  2 is  thus  obtained. 

Starting  from  the  Navier-Stokes  equations,  written 
in  curvilinear  coordinates,  the  boundary  layer 
equations  may  be  deduced  /l/.  The  usual  assumption 
that  the  boundary  layer  thickness  is  small  com- 
pared to  relevant  dimensions  for  the  body,  has 
influence  not  only  on  fluid  properties  and  their 
derivatives,  but  also  on  the  coordinate  system. 
Denoting  the  metric  coefficients,  representing  the 
linear  stretching  of  the  coordinates,  by  hi,  h2 
and  ha  for  the  x,  y and  z coordinates  respectively, 
it  may  be  assumed  that  hi  and  h2  are  functions 
only  of  x and  y,  while  h3  is  unity,  (z  is  directed 
normal  to  the  surface . ) 

As  in  two-dimensional  flow  the  equations  for  the 
turbulent  boundary  layer  may  be  shown  to  differ 
from  the  laminar  ones  only  with  respect  to  the 
expression  for  the  shear  stress,  and  may  thus  be 
written 


Tx  = P(VS  -u'w,) 

Ty  = P(vg-T^) 


(3) 


This  set  of  governing  equations  is  the  one  general- 
ly used  in  three-dimensional  turbulent  boundary 
layer  theory.  It  is  applicable  to  very  thin  layers, 
"boundary  sheets”,  but  cannot  be  applied  to  more 
complex  flow  regions,  such  as  the  flow  in’  a corner 
or  at  a ship's  stern.  A/,  /5/.  Spalding  et  al  /6/ 
have  extended  the  theory  to  include  momentum  dif- 
fusion in  the  y-direction  and  pressure  gradients 
in  the  z-direction.  Their  theory  has  been  success- 
fully applied  to  the  flow  within  rectangular  ducts 
/T / - Although  the  theory  looks  promising,  it  has 
not  yet  been  applied  to  complex  external  flows, 
such  as  the  one  at  a ship's  stern.  The  present 
discussion  will  be  restricted  to  boundary  sheets. 

The  solution  of  the  equations  ( 1 ) — ( 2 ) may  proceed 
along  one  of  two  lines.  Either  the  equations  may 
be  solved  three-dimensionally  for  the  velocity 
vector  (u,  v,  w)  and  the  shear  stress  vector  (tx, 
Ty),  or  two-dimensionally , after  integration  in 
the  z-direction,  for  integral  properties. 


2.2  Partial  differential  methods 


Methods  of  the  first  type,  the  "partial  differen- 
tial methods",  require  equations  for  the  shear 
stress  vector.  In  the  simplest  case  this  vector  is 
assumed  proportional  to  the  velocity  gradient 
vector  (3u/3z,  3v/3z).  The  constant  of  proportio- 
nality, "the  eddy  viscosity",  is  usually  calcula- 
ted from  Prandtl's  mixing  length  theory,  according 
to  which  the  eddy  viscosity  is  proportional  to  the 
SSSSi^ude  °f  the  velocity  gradient  vector.  The 
constant  of  proportionality  is  in  this  case  l2 
where  1 is  the  mixing  length,  uniquely  defined  by 
the  distance  from  the  wall. 

For  the  magnitude  of  the  turbulent  part  of  the 
shear  stress  vector  the  following  expression  is 
thus  obtained 

= pi2{(|V  + (f^)2}  (U) 

a Z dZ 

The  direction  of  the  shear  stress  is  by  assumption 
equal  to  the  direction  of  the  velocity  gradient. 
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To  the  knowledge  of  the  author  there  are  seven 
methods  based  on  the  mixing  length  hypothesis*. 
Analytical  functions  for  1 are  used  throughout  the 
boundary  layer  in  the  methods  by  Michel  et  al 
/8/,  Schreiber  /9/,  East  /10/,  Klinksiek  & Pierce 
/ 11/  and  Krause  et  al  / 12/,  while  Cebeci  et  al 
/13/  and  Fannelop  & Humphreys  /lU / use  a separate 
assumption  for  the  eddy  viscosity  in  the  outer 
part  of  the  boundary  layer. 

A more  complicated  turbulence  model  is  employed 
by  Bradshaw  /15/»  Nash  /l6/  and  Wesseling  & 
Lindhout  /17/,  who  calculate  the  shear  stress 
distribution  by  solving  transport  equations  for 
T-tx  and  T ty.  The  model  by  Spalding  et  al  /l8/ 
is  equally  complicated.  In  their  method  the 
turbulent  energy  and  the  rate  of  dissipation  are 
calculated  by  two  separate  equations. 


Examining  equations  (6)  it  appears  that  there  are 
seven  unknowns:  five  integral  properties  and  two 
skin  friction  components.  Since  there  are  only  two 
equations,  five  further  relations  must  be  provided. 

As  for  two-dimensional  boundary  layers  two  of  these 
relations  are  the  so  called  auxiliary  equation  and 
the  skin  friction  relation.  In  this  case,  however, 
further  relations  connecting  the  integral  para- 
meters must  be  provided.  The  most  common  way  of 
doing  this  is  to  assume  the  velocity  profile  to 
belong  to  a family  of  functions  depending  on  para- 
meters calculable  from  the  unknowns.  Separate 
assumptions  for  the  longitudinal  and  cross-wise 
components  may  be  made  or  the  total  velocity  pro- 
file may  be  considered  at  once. 

Integral  calculation  methods  may  thus  be  classi- 
fied with  respect  to 


2.3  Integral  methods 

Partial  differential  methods  are  no  doubt  more 
promising  than  the  ones  based  on  the  integrated 
equations.  However,  for  engineering  purposes  the 
latter  seem  a reasonable  choice,  since  the  dif- 
ference in  ability  to  predict  three-dimensional 
turbulent  boundary  layers  is  very  small.  There- 
fore several  assumptions  in  connection  with  integ- 
ral methods  have  been  tested  in  this  investiga- 
tion. 


Six  new  parameters  appear  when  the  governing 
equations  (l)  are  integrated  in  the  z-direction. 


6i  = /(1-—  )dz 
o u 


62  = -/—  dz 

0 u 


011  = /(l-— )—  dz  812  = Al-— )—  dz 


u u 
e e 


(5) 


02i  — / ^ 

0 u 2 
e 


02  2 =-/ — ydz 
0Ue 


Using  the  velocity  potential  <j>  for  x,  the  momentum 
integral  equations  may  be  written 


u 


0011 

e'5$ 


+ 


1 0012 
h2  3y 


0U 

+ 20 1 1 + 6 1 ) + 


+ 


K2l(0l 1 


3u 


..  002  1 . 1 0022  . / e „ , 

ue"3$  + h2  W~  202 1 3<t>  + 1 ) " 


- Kj  2(81 1 + 022  ♦ dl ) = 


(6) 


1.  The  auxiliary  equation 

2.  The  skin  friction  relation 

3.  The  velocity  profile  family 

In  the  simplest  calculation  methods  the  auxiliary 
equation  is  replaced  by  the  assumption  that  the 
form  parameter  Hi  2 = 6 1 /0 1 1 is  constant.  This  has 
been  assumed  for  instance  by  Cooke  /19/  and  Smith 
/20/.  It  is,  however,  more  common  to  use  Head's 
entrainment  equation  derived  for  three-dimensional 
flow  by  Smith  /20/  and  Cumpsty  & Head  /21/.  The 
equation  is  based  on  the  assumption  that  the  rate 
qf  entrainment  of  "free"  fluid  into  the  boundary 
layer  is  dependent  only  on  the  shape  parameter  for 
the  velocity  profile. 

Another  way  of  obtaining  an  auxiliary  relation  is 
to  multiply  the  governing  equations  either  by  u 
and  v respectively,  or  by  z before  integrating  in 
the  z-direction.  In  the  first  case  a so  called 
energy  equation  is  obtained.  This  approach  has  been 
used  by  Eichelbrenner , 1221,  /23/  and  Cooke  1191  • In 
the  second  case  a moment  of  momentum  equation  will 
be  arrived  at.  Himeno  & Tanaka  /2U / have  developed 
this  procedure  for  three-dimensional  boundary- 
layers.  It  should  be  pointed  out  that  new  unknowns 
are  introduced  when  using  this  type  of  relation. 
Separate  assumptions  must  therefore  be  made  to 
close  the  system. 

Several  assumptions  for  the  skin  friction  have 
been  used  in  three-dimensional  calculations.  All 
of  them  are  originally  deduced  for  two-dimensional 
flow,  and  are  assumed  valid  for  the  longitudinal 
component  of  the  skin  friction.  In  the  most  well- 
known  relations,  the  ones  due  to  Ludwieg-Tillmann 
/25/,  Thompson  /26/  and  Michel  et  al  /2T/,  the 
skin  friction  is  a function  of  a shape  parameter 
C H 1 2 0)  for  the  velocity  profile  together  with 

a boundary  layer  thickness  (61  or  0n). 


Here  the  right-hand  side  members  are  components  of 
a skin  friction  vector 


( 0 f v » ^ fN,  ^ = q — - — y(  T , T ) 

Ix  ly  * r\  11  2 wx  w 


1 0 u wx  wy 

2 e 


(7) 


where  T = (t  , t ) is  the  wall  shear  stress 
w wx  wy 
vector.  ' 


There  are  other  methods  developed  for  compress- 
ible flows  and  flows  on  rotating  bodies. 


Most  work  in  connection  with  integral  methods  has 
been  spent  on  constructing  suitable  velocity  pro- 
file families . In  the  simplest  cases  the  longitu- 
dinal profile  is  taken  from  two  dimensions , for 
instance  according  to  the  power  law  / 28/  (para- 
meter: H12)  or  to  the  Thompson  profiles  /26/  (para- 
meters: Hi 2 and  0u),  while  the  cross-wise  compo- 
nent is  assumed  to  follow  a simple  law  by  Mager 
/28/  (parameters:  Hi 2 and  the  wall  crossflow  angle 

V' 

Another  way  is  to  use  the  above  expressions  for  the 
longitudinal  profile  and  relate  the  crossflow  to 
the  longitudinal  flow  in  the  form  of  polars  v ■ 
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v(u).  Parameters  are  in  this  case  the  conditions 
at  the  ends  of  the  polar,  i e at  the  surface  and 
at  the  boundary  layer  edge.  These  conditions  are 
either  calculable  from  the  outer  flow,  or  functions 
of  some  other  unknowns.  Models  of  this  type  are 
described  by  Johnston  /29/,  Eichelbrenner  /23/  and 
Shanebrook  / 30/.  The  major  advantage  of  this  kind 
of  family  is  that  the  so  called  "cross  over"  pro- 
files (profiles  where  the  crossflow  changes  sign  I 
may  be  represented. 

A complete  profile  family  has  been  presented  by 
Coles  / 31/ . The  velocity  vector  is  considered  as 
the  sum  of  a wall  vector,  obeying  the  well-known 
law  of  the  wall,  and  a wake  vector,  whose  magni- 
tude is  proportional  to  the  wake  function,  depend- 
ing on  the  relative  distance  (z/6)  from  the  wall. 
The  wall  components  are  directed  along  the  wall 
shear  stress,  while  the  wake  components,  which  are 
also  collateral,  are  directed  so  as  to  fulfil  the 
conditions  at  the  outer  edge.  Parameters  are:  q^  = 

T /p,  6,  and  II  (the  constant  of  proportionality  for 
tKe  wake  function). 

The  relations  due  to  Michel  et  al  /27/,  finally, 
are  not  based  on  velocity  profile  families,  but  on 
connections  between  the  integral  properties,  which 
have  been  obtained  from  similar  solutions  to  their 
partial  differential  method.  The  parameters  are: 
Clauser's  form  parameter  G,  a Reynolds  number 
based  on  8u>  the  skin  friction  coefficient  and  a 
transverse  pressure  gradient  parameter  T. 

Introducing  the  relations  between  the  integral 
properties  into  the  governing  equations  it  is  seen 
that  four  unknowns  are  present.  These  are:  a boun- 
dary layer  thickness  (usually  9n),  a crossflow 
parameter  (usually  6 ),  a form  factor  (usually 
H12)  and  a longitudinal  skin  friction  coefficient. 
These  properties  are  calculable  from  the  two  equa- 
tions (6),  the  auxiliary  equation  and  the  skin 
friction  relation. 


2,1*  Previous  experiments 

Most  experiments  on  three-dimensional  turbulent 
boundary  layers  have  been  carried  out  on  geometries 
far  from  a ship-shaped  form.  As  a matter  of  fact 
nearly  all  geometries  may  be  classified  in  four 
groups , namely 

1.  Curved  ducts  (the  boundary  layer  on  the  floor 
bending  laterally) 

2.  Obstacles  on  plates  (the  boundary  layer  on  the 
plate ) 

3.  "Infinite"  swept  wings 

1*.  Finite  wings  * 

The  basic  requirement  is  that  transverse  pressure 
gradients  shall  occur,  forcing  the  cross-flow  to 
develop.  No  further  account  will  be  given  here  of 
experiments  of  these  kinds. 

Instead,  interest  turns  to  investigations  carried 
out  on  ship  forms.  They  are  summarized  in  Table  I. 
Shearer  & Steele  and  Steele  & Pearce  have  only 
measured  skin  friction,  while  in  the  other  experi- 
ments velocity  profiles  are  recorded.  It  is  seen 
that  most  approaches  are  two-dimensional,  i e only 
the  longitudinal  component  of  velocity  has  been 
measured.  The  only  extensive  three-dimensional 
measurements  were  made  already  in  1933  by  Laute. 

The  points  were,  however,  too  far  from  the  wall, 
and  too  far  apart  from  each  other,  to  allow  an 
analysis  based  on  modern  theories  to  be  made. 
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Author 

Year 

Beale 

Analysis 

Laute  /32/ 

1933 

M 

3-D 

Cutland  /33/ 

1958 

S 

2-D 

Hogben  /31* / 

1961* 

M 

2-D 

Steele  & Pearce  / 35/ 

1963 

M 

only  Cf 

Amamoto  et  al  / 36/ 

1969 

S 

2-D 

Taniguchi  & Fujita  /3T/ 

1969 

S 

3-D* 

Wieghardt  / 38/ 

1970 

M 

3-D** 

Shearer  & Steele  / 39/ 

1970 

M 

only  Cf 

Matheson  /1*0/ 

1971 

M 

2-D 

Vollheim  & Nestler  Al/ 

1971 

M 

2-D 

Gadd  A2/ 

1973 

M 

2-D 

S = ship  M = model 


Table  I.  Experiments  on  ship  boundary  layers 


It  is  also  seen  from  the  table  that  most  experi- 
ments have  been  carried  out  in  the  model  scale, 
although  extensive  measurements  on  ships  have  been 
made  by  Cutland  and  Amamoto  et  al.  Single  two- 
dimensional  velocity  profiles  have  been  measured  on 
many  ships,  but  are  not  reported  here. 


3.  EXPERIMENTAL  EQUIPMENT 
3.1  Model  and  wind  tunnel 

The  model  chosen  for  the  experimental  investigation 
is  the  parent  model  (No  720)  of  the  SSPA  cargo 
liner  series.  Figure  3.  Its  main  dimensions  are 

LBP  = 2.000  m 
B = 0.283  m 
T = 0.118  m 
CB  = 0.675 

Further  particulars  concerning  the  geometry  may  be 
found  in  /1*3/ . In  order  to  obtain  a plane  of  sym- 
metry at  the  load  waterline  the  submerged  part  of 
the  hull  was  joined  to  a model  of  its  image  in  this 
plane.  Thus  the  effects  of  waves  were  ignored.  The 
model  was  made  of  wood.  It  was  painted  black  and 
polished  until  the  surface  produced  clear  mirror 
images.  85  pressure  tappings  were  mounted  flush 
with  the  surface. 

Two  thin  struts  entering  the  wind  tunnel  through 
slits  in  the  floor  supported  the  model  firmly  during 
the  runs.  In  Pictures  1 and  2 the  setup  may  be  seen. 
Approximately  0.2  m from  the  bow  there  is  a row  of 
turbulence  studs.  Their  size  and  position  were  cal- 
culated according  to  a thesis  by  Matheson 
Ao/  so  as  to  produce  a virtual  origin  for  the 
turbulent  boundary  layer  at  the  bow.  In  the  picture 
can  also  be  seen  eight  streamlines  along  the  model. 
They  were  traced  from  a potential  flow  calculation 
using  the  Hess  & Smith  procedure.  Boundary  layer 
traverses  were  made  on  these  lines  at  twelve  sta- 
tions . 

The  experiments  were  carried  out  in  the  low  speed 
wind  tunnel  L2  of  the  Department  of  Applied  Thermo 
and  Fluid  Dynamics  at  Chalmers  University  of  Tech- 
nology. The  test  section  is  1.25  x 1.80  m2  and  has 
a length  of  3.00  m.  During  the  present  experiments 
the  tunnel  speed  was  1*0  m/s,  giving  a Reynolds  num- 
ber of  5 • 10E  for  the  model. 


* Only  one  profile  measured 
♦♦Profiles  measured  at  two  stations 
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3.2  Measuring  equipment 

The  most  important  part  of  the  experimental  investi- 
gation was  the  measurement  of  87  velocity  profiles 
distributed  between  stations  Nos  1 and  16.  Both  the 
magnitude  and  direction  of  the  velocity  vector  at 
15-50  points  on  the  normal  to  the  surface  were 
measured  for  each  profile,  using  the  hot  wire  tech- 
nique. Two  traverses  had  to  be  carried  out  for  each 
profile,  the  probe  being  turned  in  different  direc- 
tions. 

A new  traverse  gear,  having  the  required  flexibi- 
lity, had  to  be  constructed.  The  complicated 
geometry  of  the  model  disqualified  all  construc- 
tions previously  reported  in  the  literature,  so  an 
entirely  new  solution  was  worked  out.  In  Pictures 
1 and  2 the  present  construction  may  be  seen.  A 
profiled  strut  is  attached  to  the  tunnel  roof  and 
is  extended  via  a ball  joint  and  a shrouded  tube  to 
the  "head"  of  the  traverse  gear.  The  head  is  at- 
tached to  the  tube  via  another  ball  joint,  thus 
obtaining  a wide  range  of  movement.  In  Figures  ia 
and  b the  mode  of  work  for  the  head  is  explained. 

The  tube  @)  is  rotated  by  the  speedometer  cable 
(8)  via  the  worm  gear  (7) . Since  the  tube  @ is 
threaded  internally  and  the  tube  @ externally 
the  rotation  causes  a displacement  of  the  tube 
system  (2)  — (U)  — @ and  the  probe  (T)  . Rota- 

tion of  the  probe  ± 1*5  is  possible. 

The  mechanism  of  the  head  is  shrouded  in  a NACA 
profile  which  is  supported  by  the  rod  (5)  fixed  to 
the  model  surface.  To  prevent  vibrations  sidewards 
two  other  rods  (only  one  shown  in  Picture  1)  are 
used.  The  arrangement  obtained  in  this  was  was 
found  to  be  very  rigid. 

The  speedometer  cable  was  powered  by  a stepper 
motor  outside  the  tunnel.  Each  step,  which  corres- 
ponded to  a displacement  of  0.0005  mm  for  the 
probe,  was  counted  by  an  electronical  counter.  The 
number  of  steps  between  two  points  could  be  preset 
on  an  external  control.  In  this  manner  the  dis- 
placement of  the  probe  was  recorded.  To  obtain  the 
starting  position  use  was  made  of  a measuring  micro- 
scope. By  measuring  the  distance  between  the  wire 
and  its  image  on  the  polished  surface  the  location 
of  the  starting  point  could  be  obtained,  taking  the 
inclination  of  the  microscope  into  account. 

Several-  checks  were  made  during  the  runs  to  get  an 
estimate  of  the  accuracy  of  the  probe  positioning. 
The  absolute  error  was  found  to  increase  with  dis- 
tance for  small  distances.  As  a result  of  these 
checks  and  of  some  theoretical  speculations  (see 
/ 3/ ) it  may  be  established  that  the  maximum  rela- 
tive error  was  about  5%  for  the  first  millimetre 
from  the  surface,  thereafter  decreasing  rapidly  to 
a few  tenths  of  a per  cent  at  10  mm. 

The  hot-wire  probe  may  be  seen  in  Figure  5.  It  was 
manufactured  by  DISA  especially  for  this  investiga- 
tion. As  seen  from  the  figure  the  probe  prongs  were 
bent  to  the  shape  of  a circular  arc.  This  was  done 
to  minimize  the  influence  of  the  normal  velocity 
gradient  (directed  along  the  probe  body)  at  the 
calibration.  The  tips  of  the  prongs  were  thus  paral- 
lel to  the  surface. 

In  Picture  3 the  electronic  equipment  is  shown.  Its 
function  may  be  explained  by  reference  to  the  block 
diagram  in  Figure  6.  The  central  unit  (T)  contains 
a scanner,  a sequencer,  an  electronic  counter  and 
a digital  voltmeter.  The  signals  treated  are  pro- 
duced by  a control  unit  for  the  stepper  motor  (3) 


( 1 channel ) , an  anemometer  (5)  ( 5 channels ) and  a 
resistance  thermometer  (l  channel).  From  the 
sequencer  the  signals  are  fed  into  a flexowriter 
(7)  producing  a tape  and  a typewritten  record.  In 
the  picture  is  seen  an  x-y  plotter  (?) . This  was 
used  at  an  early  stage  to  produce  calibration 
curves,  but  was  discarded  later  on  due  to  the  limi- 
tgd  accuracy  of  the  method.  A mechanical  counter 
(V)  was  used  in  connection  with  the  stepper  motor 
control  to  prescribe  the  expected  number  of  steps 
marched  by  the  stepper  motor  during  a displacement 
of  the  probe.  The  oscilloscope  (2)  could  be  used  to 
see  the  turbulence  signal. 

An  RC-filter  with  a time  constant  of  0.8  was  in- 
cluded in  the  scanner.  In  connection  with  an  auto- 
matic integration  of  0.002  s in  the  voltmeter  the 
turbulent  fluctuations  in  the  mean  velocity  sig- 
nals were  damped  out.  Further  particulars  concern- 
ing the  electronic  equipment  are  given  in  the  block 
diagram. 

The  equipment  was  tested  by  measuring  the  boundary 
layer  on  a flat  plate.  "Cross-flow  angles"  could 
be  obtained  by  putting  the  head  at  a certain  angle 
to  the  free  stream  (which  was  two-dimensional).  A 
constant  angle  should  thus  be  registered.  It  was 
found  that  the  longitudinal  profile  could  be 
measured  with  very  good  accuracy,  while  the  devia- 
tion in  the  measured  angle  might  amount  to  about 
1 . This  was  somewhat  more  than  anticipated,  al- 
though good  enough  for  the  purpose. 

1*.  DATA  EVALUATION 

4,1  Calculation  of  the  velocity  vector 

The  hot  wire  was  calibrated  before  and  after  +he 
measurement  of  each  velocity  profile.  A Prandtl 
tube  connected  to  a manometer  was  used  as  a refe- 
rence and  the  wire  voltage  could  be  connected  to 
the  air  velocity  at  a given  reference  temperature. 

A computer  program  took  care  of  the  tape  from  the 
Flexowriter  and  produced  a calibration  table  and  a 
plot.  If  the  drift  during  one  run  (one  velocity 
profile)  exceeded  1.5%  of  the  maximum  velocity  the 
run  was  rejected.  However,  for  some  profiles  a 
somewhat  larger  drift  was  reduced  to  the  tolerable 
level  by  a correction  for  contamination  /3/. 

The  voltages  measured  during  the  two  traverses  for 
each  profile  were  transformed  to  (effective)  velo- 
cities by  interpolation  in  the  calibration  table, 
i e no  functional  relationship  was  used  to  connect 
wire  voltage  and  velocity.  When  interpolating,  four 
points  were  taken  into  account  in  a "least  squares" 
manner. 

No  correction  for  heat  transfer  to  the  wall  was 
applied  in  any  of  the  measurements.  This  is  in 
accordance  with  the  results  of  Oka  & KostiS  /hh/ , 
who  state  that  this  effect  is  negligible  for  z*  = 
zu^/v  > 5,  a condition,  which  is  fulfilled  for  all 
measured  points. 

To  be  able  to  calculate  the  velocity  vector  the 
directional  sensitivity  of  the  probe  must  be  known. 
According  to  Hinze  /1*5/  the  following  relation 
holds  for  the  effective  velocity  U^fo) 

Ug2(a)  = U2(cos2a  + k2  sin2a)  (8) 

where  a is  the  angle  between  the  normal  to  the  wire 
and  the  flow  direction,  and  k is  a constant  to  be 
determined.  In  Figure  7 it  is  shown  that  the  cali- 
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bration  points  fall  very  close  to  a pure  cosine 
curve,  i e k = 0.  This  conforms  with  the  results  of 
Champagne  et  al  A6/. 

Combining  the  results  from  corresponding  points  in 
the  two  traverses  the  flow  angle  (8)  and  the  velo- 
city magnitude  (q)  may  be  calculated  as  follows: 

The  two  effective  velocities  are 


Ugl  = q cos(v-  6)  (9 

U = q cos(v  + 8) 
er 

where  the  indices  1 and  r indicate  if  the  probe  is 
turned  to  the  left  or  to  the  right.  The  angle  be- 
tween the  two  directions  for  the  probe  is  2v. 


By  expanding  the  cosines  it  is  easily  shown  that 
U 


1 - 


tan  8 = 


er 

Uel 


tan  v 


(10) 


1 + - 


el 


and  from  (9)  it  follows  that 


will  appear  as  a set  of  straight  lines  where  y (or 
Cf)  is  a parameter.  Plotting  the  measured  points 
in  the  region  of  interest  the  straight  line  fitting 
the  data  will  give  the  value  of  Cf.  See  Figure  8. 

Since  the  velocity  profile  is  twisted  in  three- 
dimensional  flow  the  present  version  of  the  law  of 
the  wall  is  not  indisputable.  It  might  be  more  con- 
sistent to  consider  the  component  qp  of  q,  in  the 
direction  of  the  wall  shear  stress.  This  has  been 
done  by  Coles  / 31 / as  will  be  seen  below.  East  & 
Hoxey  /I47/  have  discussed  several  ways  of  obtaining 
Cf  by  a Clauser  plot.  The  present  method  is  recom- 
mended. 

Having  obtained  the  skin  friction  coefficient  some 
extra  points  could  be  calculated  between  the  first 
measured  point  and  the  wall.  (The  first  point  was 
located  at  about  0.2  mm  from  the  wall.)  This  was 
done  to  improve  the  accuracy,  when  integral  para- 
meters according  to  equations  (5)  were  calculated 
for  the  profiles  at  the  most  forward  stations,  where 
the  boundary  layer  was  very  thin.  Common  laws  for 
the  viscous  sublayer  and  the  blending  region  were 
used  to  obtain  these  extra  "measuring  points".  All 
velocity  vectors  were  assumed  to  be  parallel  to  the 
wall  shear  stress  in  this  region. 


<1 


Uel 

cos(v  - 8) 


(11) 


4 . 2 Measured  integral  parameters 


The  skin  friction  coefficient  was  obtained  by  means 
of  a so  called  Clauser  plot,  based  on  the  law  of 
the  wall,  which  may  be  written 

q_  z 

^ = A log  + B (12) 

where  q is  the  shear  velocity  defined  by  the  wall 
shear  stress  T 


(13) 

Defining 


C 


f 


may  be  written  as 


^ = 


or  for  yCj,/2  = y 

9t  «uey 


(1U) 


(15) 


(16) 


Introducing  this  expression  in  (12)  yields 


n u 

f y(A  log  — + A log  y + B) 


(17) 


i e in  the  region  of  the  law  of  the  wall  the  graphs 


u z 

a-,  f(iog-s-) 
e 


Using  Simpson's  rule  the  integrals  according  to 
equations(5)  could  be  obtained.  Furthermore  two 
energy  thicknesses  Ei  and  £2  were  calculated 


(18) 


6 is  defined  by  the  point  where  the  velocity  q = 

0.995  u . 
e 


The  following  form  parameters  were  also  obtained 
Hi 


, . 6: 
112 ' er; 


I.  _ 81 1 

H2  3 - 

El 


Hi 


« - 61 


(19) 


(Head's  form  parameter) 


G = -■j'2  ~ ^ (Clauser 's  form  parameter) 
Y n 1 2 


As  mentioned  above,  the  velocity  profile  was 
assumed  unskewed  within  the  viscous  and  blending 
regions.  This  is  in  accordance  with  Johnston's 
results  /29/,  although  several  authors,  for  in- 
stance Prahlad  /U8 / have  shown  that  this  may  not  be 
true.  In  the  present  work,  however,  the  wall  cross- 
flow  angle  8v  is  taken  as  the  angle  at  the  edge  of 
the  blending  region,  i e at  z*  = q^/v  = 30. 


I*. 3 Test  of  assumptions 

Several  assumptions  for  integral  methods  according 
to  section  2.3  were  tested  against  the  measured 
parameters.  The  momentum  thickness  9n,  the  form 
factor  H] 2 and  the  cross  flow  angle  8W  were  then 
taken  from  the  measurements  and  put  into  the  ex- 
pressions (for  skin  friction  or  velocity  profile) 
to  be  tested.  New  skin  friction  coefficients  or 
profile  parameters  could  then  be  obtained  and  com- 
pared with  the  measured  values. 
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Four  skin  friction  relations  were  tested.  Accord- 
ing to  Ludwieg-Tillmann  /25/ 


C 


f 


0.2U6 


10-0.678  Hi2 


, -0.268 
0 


(20) 


qf 

— = A In  z*  + B 
qT 


’t  Z 

where  z*  = 

V 


(26) 


Ue0H 

where  Re — 

Thompson  /26/  has  given  graphs  for  Cp  as  a function 
of  Hi  2 and  R-.  These  graphs  have  been  approximated 
by  Head  /k 9/  as 

C » exp(0. 019521  - 0.386768  Xi  +0.02831*5  Xi2  - 
- 0.000701Xi  3 )H|2  + 0.191511  - 0.83l*891Xi  + 

+ O.O62588X12  - 0.001953  Xi 3 (21) 


Thus  the  wall  law  is  supposed  to  hold  in  this 
direction.  The  other  component  is  directed  so  as 
to  give  a total  velocity  vector  which  is  parallel 
to  the  external  flow  at  the  edge  of  the  boundary 
layer.  This  component  follows  the  law 

— -jfw(f)  (27) 

q^.  k 6 

where  W(z/6)  is  an  empirical  "wake  function"  and  II 
is  a constant  to  be  determined  for  each  profile. 


where  Xi  = InRg 

The  relation  due  to  Michel  et  al  /27/  reads 

~ = A In— — + D*(G)  (22) 

where  D*(G)  = 2 G - lt.25  \/G  + 2.12 

These  relations  were  originally  deduced  for  two- 

dimensional  flow.  In  three  dimensions  they  are 

supposed  to  hold  for  the  longitudinal  component  of 

the  skin  friction  vector,  whose  magnitude  may  be 

obtained  by  dividing  by  cos  8 . 

w 


It  was  assumed  by  Coles  that  the  wall  law  (26)  is 
valid  all  the  way  down  to  the  surface.  This  is  an 
approximation  which  is  reasonable  for  large  Rey- 
nolds' numbers  Rq.  However,  for  the  profiles  mea- 
sured at  the  most  forward  stations,  Rq  is  quite 
small,  so  the  thicknesses  of  the  inner  parts  of  the 
boundary  layer  are  significant.  Therefore  equation 
(26)  has  been  employed  only  for  z*  > 30,  while  the 
following  relations  have  been  used  for  the  inner 
parts 


1*  < 5 


(28) 


The  fourth  relation,  finally,  for  this  coefficient 
comes  out  as  a result  of  Coles'  law  for  the  velo- 
city profile. 


qf 

— = C In  z*  + D 
qT 


5 < z*  < 30 


(29) 


The  by  far  most  common  velocity  profile  family  in 
three-dimensional  calculations  is  the  one  by  Mager 
/28/  combined  with  the  power  law,  i e 


H12-I 


(23) 


and 

Hia  - 1 

--(f)  2 (1  - t)2  tan  8 (21*) 

u 0 0 w 

e 

Since  611  and  Hi  2 should  be  used  as  a basis  for  the 
comparisons  equation  (23)  had  to  be  integrated 
according  to  equations  (5),  to  obtain  81 1 and  61. 
The  boundary  layer  thickness,  6,  to  put  into  (23) 
and  ( 2U ) might  then  be  calculated  as 


5 = Q11  H 1 2 ( H x 2 + 1) 
Hi  2 - 1 


(25) 


The  parameters  in  Coles'  law  are  qT  (=  UfCOsBw), 

TI  and  6.  Since  the  comparison  with  experiments  is 
to  be  carried  out  for  constant  0n,  H12  and  8y  the 
integrals  (5)  have  been  evaluated  for0n  and  61  by 
putting  in  the  relations  ( 26  ) — ( 29 ) - In  reference 
/3/  the  resulting  lengthy  formulae  are  given.  The 
equations  for  9 1 1 and  61  (or  Hi 2)  together  with  the 
condition  at  the  outer  edge  of  the  boundary  layer 
constitute  a system  from  which  qT,  II  and  6 may  be 
solved.  A skin  friction  coefficient  may  then  be 
calculated  from  the  formula 


Cf  = 2(^)2  (30) 

e 

As  explained  in  Chapter  2 the  profile  family  by 
Michel  et  al  / 27 / is  not  given  by  any  analytical 
relations  but  the  connections  between  integral 
parameters  are  presented  direct.  The  lengthy  ex- 
pressions used  here  are  given  in  /3/. 


Thompson's  /26/  profiles  are  given  in  the  form  of 
charts  where  the  ordinates  of  a profile  may  be  read 
as  soon  as  Rq  and  H12  are  known.  These  charts  were 
digitalized  for  computer  application  and  the  pro- 
files obtained  were  combined  with  Mager' s cross- 
flow  relations  ( 2U ) . Two  boundary  layer  thicknesses 
were  calculated,  corresponding  to  99.5%  and  100% 
respectively  of  the  maximum  velocity. 

According  to  Coles,  the  total  velocity  vector  is 
composed  of  two  components.  One  is  parallel  to  the 
wall  shear  stress 


Having  obtained  the  parameters  of  each  profile 
family  the  integrals  (5)  could  be  evaluated  for  all 
families.  Thus  811  and  61  were  fixed,  while  all 
other  boundary  layer  parameters  could  be  used  for 
comparisons  between  assumptions  and  measurements. 

Since  the  material  comprises  as  many  as  87  measured 
profiles  a statistical  analysis  was  made  for  C j> , 6, 
El,  62,  0)2  and  E 2.  in  the  case  of  the  first  three 
the  percentual  difference,  d,  between  assumptions 
and  measurements  was  calculated  for  each  profile. 
Two  mean  values  of  d could  then  be  obtained 
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n 

1 dk 
k-1  K 

Ml  = n = number  of  profiles  131) 

n 

and 

Z |dk| 

M2  = ^ (32) 

n 

This  method  could  not  be  used  for  the  cross-wise 
parameters  62,  612  and  E2 , since  the  deviations 
were  too  large.  A correlation  coefficient  was 
therefore  calculated  in  this  case 


r 


n 

Z 

k=l 


\ -M)(Ak  -A) 


n _ n 

{£  (M.  -M)2E 

k=l  * k=l 


(Ak  -A)2}1/2 


(33) 


where  M is  the  measured  quantity  and  A is  the  as- 
sumption. Bars  denote  mean  values. 

In  Tables  Ila,  b the  results  of  the  statistical 
evaluation  of  assumptions  are  described.  They  will 
be  discussed  in  Chapter  5. 

U.l*  Plots 


Automatic  plots  were  produced  by  the  computer  for 
the  longitudinal  and  cross-wise  velocity  profiles 
and  for  the  cross-flow  angle.  More  detailed  infor- 
mation could  thereby  be  obtained  regarding  the 
applicability  of  the  different  assumptions  which 
were  also  plotted.  However,  in  order  to  get  an 
overall  impression  of  their  merits  the  statistical 
approach  above  is  more  useful.  The  plots  also  in- 
cluded a polar  diagram  of  the  Johnston  type  /29/ 
an  a logarithmic  plot,  which  was  used  to  calcu- 
late Cj.  before  the  final  calculations  were  made. 

Since  the  amount  of  plots  is  very  large  they  can 
not  be  included  here.  They  are,  however,  available 
for  those  who  are  really  interested  in  the  detailed 
nature  of  the  flow. 

5.  RESULTS  AND  DISCUSSION 

5 . 1 Static  pressure 

The  static  pressure  was  measured  at  85  tappings 
n one  quarter  of  the  model.  Results  are  given  in 
igure  10  as  functions  of  X for  each  streamline. 

, , Z are  defined  by  Figure  9.  The  measurements 

-ipared  with  calculations  using  the  Hess  4 
-.'•thod  /50/.  673  elements  were  used  to  app- 
. -.i  • n*-  fourth  of  the  double  model  whereas 

m-  r.'  appr  ximated  the  corresponding  part 
- - . • *nnel. 


>•  agreement  between  calculations 

jiite  good  except  near  the 
jlated  pressure  is  too  high 
g . - 1 ■ f viscous  effects.  Smaller 

forward  pressure  mini- 
<*nd  3harply,  and  at  the 
vf-.-r  the  calculated  pres- 
- ■ iu  the  measured  ones. 

■ .n»*p  1 ained . 


5.2  Boundary  layer  parameters 

In  Figures  ll-ll  the  measured  development  along  the 
streamlines  of  0u,Hu,  Cf  and  B_»=  30  is  plotted. 
The  angle  is  measured  positive  towards  the  keel. 

To  facilitate  the  interpretation  of  the  plots, 
lines  have  been  drawn  between  the  points.  It  should 
be  noted  that  these  lines  do  not  represent  calcu- 
lations . 

Examining  the  body  plan.  Figure  3,  it  appears  that 
most  streamlines  diverge  at  the  forebody  and  con- 
verge at  the  afterbody.  This,  of  course,  follows 
from  the  changes  in  the  wetted  perimeter.  However, 
around  Streamline  No  1 the  opposite  development  is 
found.  Therefore  the  corresponding  distribution 
of  boundary  layer  parameters  may  look  peculiar 
The  momentum  thickness  decreases  at  the  after  end 
and  the  skin  friction  increases. 

Streamline  No  2 is  interesting  since  it  turns  from 
the  bottom  upwards  along  the  skeg  rather  abruptly. 
This  means  that  the  boundary  layer  thickness  is 
fairly  smsll  over  most  of  the  length  although  far 
aft  it  raises  steeply.  The  sharp  lateral  bend  cau- 
ses large  cross  flow  to  occur,  so  this  line  may 
be  suitable  for  testing  three-dimensional  calcula- 
tion methods  in  a thin  boundary  layer. 

The  convergence  is  greatest  around  Streamline  No  5 
where  the  boundary  layer  becomes  very  thick.  The 
rate  of  increase  is  smooth,  however. 

Hi 2,  the  shape  parameter  is  surprisingly  constant 
along  all  lines,  which  means  that  the  disposition 
towards  separation  is  small  at  the  after  end,  at 
least  as  to  the  two-dimensional  type  (bubble). 

Since  the  cross-flow  is  small  almost  everywhere, 
it  seems  probable  that  the  same  holds  for  the 
three-dimensional  type  (vortex  sheet).  The  wall 
cross-flow  angle  should  have  been  zero  along 
Streamline  No  1,  since  it  is  in  a plane  of  symmetry 
for  the  hull.  It  appears  fr^m  Figure  ll  that  the 
measured  angle  is  of  the  order  of  0.1°  up  to  X=1*00, 
thereafter  increasing  to  about  1°.  A slight  asym- 
metry is  thus  present  at  the  afterbody. 

Large  fluctuations  occur  in  several  curves  of 
Figure  lit,  so  it  might  possibly  be  suspected  that 
the  accuracy  of  the  measured  points  is  low.  How- 
ever, looking  at  the  Figure  it  appears  that  most 
bends  are  supported  by  several  points,  and  in 
regions  where  the  development  should  be  smooth 
very  little  scatter  occurs.  There  is  reason  to 
assume  that  the  accuracy  of  the  flow  angle  measu- 
rements is  better  than  ± 1°. 

5-3  Statistical  evaluation  of  assumptions 

Two  sets  of  statistical  calculations  have  been 
carried  out.  In  Table  Ila  the  results  for  all  pro- 
files have  been  taken  into  account,  while  in  Table 
lib,  the  profiles  aft  of  Section  X=500  have  been 
excluded.  The  reason  for  this  is  that  the  condi- 
tions at  the  after  end  of  the  model  differ  consi- 
derably from  the  ones  further  forward.  The  flow 
is  much  more  complicated  at  the  afterbody  since 
the  boundary  layer  thickness  increases  rapidly, 
thereby  interfering  with  the  potential  flow. 

The  assumptions  tested  are: 

1.  Ludwieg-Tillmann  Cf 

2.  Mager-power  law  61,  C\ , 62,  612,  £2 
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3. 

Coles 

C~,  6 , E , 62  , 012,  £2 

1*. 

Thompson-Mager 

Cf,  6 (99.5  %,  100  %),  Ei 

» <52  s 

012, 

5. 

Michel 

Cf,  6,  62,  012 

In 

Table  Ila,  b both  quantities  (Ml  and  M2) 

related 

to 

the  percentual 

error  for  each  assumption 

are 

given  for  Cf,  6 and  £1  , while  for  62,  612  and  £2 
the  correlation  coefficient  is  shown. 

As  to  the  skin  friction  it  is  seen  that  Michel's 
relation  is  superior  when  all  profiles  are  taken 
into  account.  The  Cf's  predicted  by  this  assumption 
are  consistently  the  lowest  which  is  an  advantage 
at  the  afterbody  where  all  calculated  Cf's  are  too 
large.  On  the  other  hand,  if  the  after  profiles 
are  neglected  the  results  from  Michel's  relation 
fit  the  measured  Cf  worse  than  the  others.  In  this 
case  the  results  from  Coles'  and  Thompson's  laws 
seem  remarkably  good. 

The  properties  6 and  £1  may  be  used  to  get  an  im- 
pression of  the  ability  to  represent  the  longitu- 
dinal velocity  profile.  ( 0 1 1 and  Hi  2 are  used  as 
a base  for  the  comparison).  As  to  6,  Michel's  ap- 
proach seems  to  be  somewhat  better  than  Coles ' 
and  Thompson's,  although  the  differences  are  small. 
This  holds  for  Thompson's  "99-5  %-thickness";  the 
"100  %-thickness"  is  too  large.  Mager's  law  (the 
power  law)  is  obviously  inferior,  yielding  too 
small  values. 

The  energy  thickness  £1  is  very  well  represented 
by  all  the  assumptions. 

The  cross-flow  relations  work  fairly  well  over  the 
main  part  of  the  hull.  However,  at  the  afterbody 
the  cross-flow  is  too  complicated,  with  profiles 
changing  sign  ( I'cross-over  profiles")  and  the  re- 
sults are  very  poor.  The  correlation  coefficients 
are  remarkably  similar  for  all  relations,  so  it  is 
very  difficult  to  draw  any  conclusions  of  their 
relative  merits. 

6.  CONCLUSIONS 

The  main  result  of  the  investigation  is  the  deve- 
lopment of  boundary  layer  parameters  along  eight 
streamlines  on  the  model.  This  set  of  data  should 
be  useful  when  testing  calculation  methods  for 
boundary  layers  on  ship  hulls. 

Longitudinal  velocity  profiles  and  skin  friction 
are  well  predicted  by  several  common  assumptions, 
while  cross-flow  profiles  can  not  be  adequately 
represented  at  the  afterbody  by  any  of  the  methods 
tested. 

The  static  pressure  on  the  hull  may  be  calculated 
with  good  accuracy  using  the  Hess  & Smith  method. 

An  exception  is  the  stern  region  where  the  thick 
boundary  layer  interacts  strongly  with  the  poten- 
tial flow. 
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Stations 

Waterline  offsets  in  % of  half-breadth 

No 

WL  1/2 

WL  1 

WL  2 

WL  3 

WL  1+ 

LWL 

WL  6 

WL  7 

WL  8 

0 (A.  P. ) 

- 

- 

- 

- 

16.55 

35.60 

1+8.87 

56.1+1 

1 

10.13 

10.29 

12.22 

21.86 

1+1.65 

59.73 

71.00 

77.10 

2 

22.0*+ 

26.1+8 

33.79 

1+6.21 

62.51 

75.88 

81+  .1+3 

89.20 

3 

37  .*+6 

1+7.30 

56.91+ 

67.1+1 

78.01+ 

86.81 

92.71 

95.96 

k 

55.6*+ 

68.06 

76.33 

83.16 

89.10 

93.93 

97.21+ 

98.97 

5 

61.59 

73.*+l 

81+.03 

89.6U 

93.1+0 

96.08 

98.03 

99.30 

99.88 

6 

77.1+0 

86.78 

91+.11 

97.08 

98.57 

99.38 

99.73 

99.97 

100 

7 

88.31 

9*+  -78 

98.73 

99.65 

99.97 

100 

100 

100 

100 

8 

93.83 

98.1+7 

99.97 

100 

100 

100 

100 

100 

100 

9-11 

95.08 

99.36 

100 

100 

100 

100 

100 

100 

100 

12 

93.31 

98.26 

100 

100 

100 

100 

100 

100 

100 

13 

86.79 

9*+ . 3*+ 

98.98 

99.53 

99.53 

99.53 

99.65 

99.80 

1*+ 

75.15 

86.1+5 

91+ . 3*+ 

96.21 

96.56 

96.63 

97.01+ 

97.85 

98.86 

15 

58.91 

73.30 

83.92 

87.01+ 

88.13 

88.79 

90.05 

92.19 

95.28 

16 

*+0.73 

55.35 

67.61 

71.91 

73.91 

75.30 

77.1+3 

87.18 

17 

21+.60 

36.25 

1+8.00 

52.70 

55.28 

57.26 

60.10 

65.1+5 

73.55 

18 

12.01 

19.31 

28.17 

32.29 

3*+  .89 

37.26 

1+0. 1+0 

1+6.35 

55.17 

19 

2.35 

6.11 

11.01 

13.68 

15.1+7 

17.58 

20.73 

25.97 

33.67 

20  (F.  P.) 

- 

- 

- 

- 

1.18 

2.85 

5.61 

10.01+ 

Fig.  3:  SSPA  model  720 
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Fig.  6:  Block  diagram  for  the  electronic  equipment 
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Fig.  10:  Comparison  between  measured  and  calculated  pressure  distribution 
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(a)  Streamlines  1-4 


(b)  Streamlines  5-8 

Fig.  11 : Measured  momentum  thickness 
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THE  ULTIMATE  HALF  ROLL  BEFORE  CAPSIZE  ON 
THE  ANALOG  COMPUTER 

K.  KURE 

Danish  Ship  Research  Laboratory,  Lyngby,  Denmark 

H.  KETELSEN  and  V.  JENSEN 

Elsinore  College  of  Naval  Architecture,  Denmark 


The  present  paper  deals  with  the  testing  of  an  abstract  model  regarding  an  unsteady  effect  in  nonlinear 
ship  motions  causing  capsize.  The  testing  applies  an  analog  computer  and  is  a continuation  of  earlier 
work  presented  to  the  International  Conference  on  Stability  of  Ships  and  Ocean  Vehicles,  Glasgow  1975. 
Principles  of  testing  of  abstract  models  are  reviewed  and  the  specific  hypothesis  is  formalized  and 
tested  for  a set  of  parameters.  The  results  are  used  for  the  evaluation  of  the  hypothesis  under  test 
and  the  implications  of  the  conclusion  discussed.  Recommendations  are  given  for  future  work. 


I.  INTRODUCTION 

The  roll  motion  of  ships  is  steady  in  a statisti- 
cal sense  as  long  as  the  ship  does  not  capsize. 

The  individual  roll's  are,  though,  varying  much 
in  magnitude  within  certain  bounds,  say  1 30-40 
degrees. 

Now  and  then  ships  capsize  in  a dynamical  sense 
rolling  over  in  a random  seaway.  A particular 
and  well  known'  case  has  been  given  considerations 
in  the  litterature,  Bovet  et.al.  (1).  Based  on  a 
model  scale  reconstruction  the  ultimate  half  roll 
was  studied  in  detail  by  Kure  and  Bang  (2)  and  a 
hypothesis  was  set  up  to  explain  that  particular 
case.  The  hypothesis  was  based  on  general  ship 
dynamics  and  consists  of  two  parts.  The  first 
refers  to  the  unsteady  effect  of  the  sway  motion 
coupling  combined  with  the  strong  nonlinearity 
of  the  restoring  moment.  The  second  is  the 
probably  independent  effect  of  the  nonharmonic 
surge  motion  of  the  ballasted  ship  causing  long 
duration  of  the  righting  moment  reduction  on  the 
wave  crest  which  the  ship  is  following  in  stern 
quartering  seas. 

Due  to  the  basic  dynamic  components  the  hypothesis 
might  have  wider  applicability  than  for  the  parti- 
cular case  for  which  it  was  made.  However,  strong 
and/or  extensive  tests  must  be  made  before  the 
reliability  is  shown.  To  study  the  logics  of 
the  first  part  of  the  hypothesis  i.e.  the  unsteady 
effect  of  the  coupling  term  in  combination  with 
the  nonlinear  restoring  moment  an  investigation 
of  the  describing  equations  of  motion  was  decided 
upon.  The  investigation  was  made  using  a TR  20 
analog  computer  usually  applied  by  Helsinore 
College  of  Naval  Architecture  (founded  1825)  in 
the  instruction  of  students. 

The  logical  tests  of  the  hypothesis  described  in 
the  present  paper  are  necessary  but  not  sufficient 
to  corroborate  the  hypothesis  in  a strict  sense. 
Additional  tests  against  physical  reality  must  be 
performed  based  on  derived  test  implications. 


II.  PREREQUISITES 
i)  Stability  Research 

In  order  to  relate  the  present  investigation  to 
current  research  on  the  subject  of  ship  stability 
against  capsize  a short  review  is  given  of  the  two 
main  paths  of  stability  research. 

The  first  may  be  identified  as  the  equation  sol- 
ving approach  and  the  second  as  the  approach  with- 
out equation  solving.  The  former  is  exemplified 
by  the  procedures  advocated  by  ISSC  for  ship  struc- 
tural load  and  strength  analyses.  In  the  ship 
design  process  all  future  time  history  is  prin- 
cipally predicted  of  motions  and  loads.  Due  to 
the  stochastic  nature  of  the  loads  which  can  only 
be  described  in  probabilistic  terms  the  same  is 
necessary  for  the  responses  to  the  future  sea- 
waves.  In  terms  of  demand  and  capability  the  risk 
of  failure  is  finally  computed.  Alternatively, 
design  loads  are  determined  as  the  most  probable 
value  of  the  extreme  value  distribution  over  some 
small  upper  fractile  of  the  long  term  distribution 
of  events.  Dalzell  (3)  made  a study  of  the  roll 
motion  to  find  the  distribution  of  roll  angles. 
However,  in  relation  to  capsize  the  roll  motion 
needs  two  variables  to  specify  the  instantaneous 
states  and  hence  a bivariate  density  distribution 
to  express  demand  as  well  as  capability.  The 
deterministic  variant  of  the  equation  solving 
approach  is  the  studies  in  time  domain  of  the  so- 
lutions to  the  equations  excited  by  selected 
samples  of  extreme  environments  performed  by 
Oakley,  Pauling,  , Wood  (4). 

The  second  main  road  of  research  does  not  solve 
the  equations  but  study  stability  from  the  form 
of  the  equations  and  the  sign  and  magnitude  of 
the  parameters.  This  is  exemplified  by  the  classi- 
cal static  stability  of  equilibrium  being  deter- 
mined alone  by  the  sign  of  the  slope  of  the 
tangent  to  the  righting  moment  versus  heel  curve 
i.e.  the  metacentric  height.  In  the  case  the 
righting  moment  is  linear  for  all  heel  angles 
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and  the  damping  positive  then  the  ship  would  be 
asymptotically  stable  in  the  large  as  an  input  - 
output  system,  Willems  (5).  A more  complicated 
stability  condition  is  needed  for  the  Mathieu  type 
roll  motion  draining  energy  from,  say,  the  heave 
motion.  Restrictions  to  weight  distribution  and 
hull  waterline  belt  shape  against  roll  damping  must 
be  introduced  to  ensure  stability  of  the  roll 
motion,  i.e.  the  C.O.G.  must  nearly  coincide  with 
the  center  of  curvature  of  the  envelope  of  water- 
lines  during  heel,  Paulling,  Rosenberg  (6), 

Leclert  (7).  Basic  principles  of  the  general  case 
along  these  lines  applied  for  roll  motion  only  are 
given  by  Moseley's  classical  concept  of  dynamical 
stability.  Quite  general  principles  are  embodied 
in  Lyapunov's  direct  method  applied  in  ship 
stability  by  Kuo  and  Odabasi  (8). 

The  first  part  of  the  present  investigation  as 
presented  in  Kure  and  Bang  (2)  was  in  fact  a combi- 
nation of  the  latter  expressed  in  Moseley  terms 
with  the  observed  extreme  environmental  load  in 
the  analysis  of  the  resulting  ultimate  half  roll. 
That  situation  of  deterministic  analysis  of  an 
instrumented  case  should  be  distinguished  from  the 
probabilistic  case  of  design  for  stability. 

ii)  The  Actual  Capsize 

Some  years  ago  a small  Danish  Coastal  tanker 
capsized  in  the  Baltic  Sea  near  the  Swedish 
island  of  Gotland.  She  was  on  a ballast  journey 
and  steamed  south  in  a stern  quartering  sea.  In 
between  she  rolled  rather  heavily  and  suddenly  she 
capsized.  The  weather  was  a fully  developed 
Beaufort  6 to  7.  Only  two  persons  survived.  The 
tanker  was  the  "Edith  Terkol".  At  the  instant  of 
capsize  she  had  a GZ-curve  a little  above  the  IMCO 
recommendations.  The  main  particulars  appear  from 
chapter  II,  section  ii). 

The  above  and  more  detailed  verbal  descriptions 
are,  however,  not  applicable  for  analysis  or  hypo- 
thesis testing.  For  the  present  purpose  the 
instrumented  observations  made  during  the  model 
scale  reconstruction  are  regarded  as  the  basic 
observations  of  the  phenomena.  The  model  tests 
have  been  reported  by  Kure  and  Bang  (2) . The 
selected  case  from  the  model  tests  had  a 
GM  = 0.70  m,  a little  higher  than  the  case  of  the 
full  scale  case.  Figure  1 of  the  present  paper 
shows  the  recorded  time  history  of  the  capsize. 

The  ultimate  half  roll  commences  in  a 10  degrees 
roll  to  port  side  lasting  four  or  five  seconds. 

The  motion  progresses  to  starboard  where  it 
reaches  a fifty  degrees  heel  about  five  seconds 
after  upright  was  passed.  A heel  of  100  degrees 
are  reached  about  three  seconds  later  i.e.  some 
eight  seconds  after  upright.  If  the  hypothesis 
is  sound  then  the  analog  computer,  when  properly 
coded,  must  be  able  to  generate  a time  history 
which  resembles  the  observed  one  pretty  close 
at  least  in  the  main  character. 


The  roll  motion  of  a ship  is  not  a pure  roll  motion 
about  the  longitudinal  coordinate  axis.  Other 
motion  components  do  also  contribute.  The  contri- 
bution from  sway  is  large  when  the  C.O.G.  is  loca- 
ted high  in  the  ship.  For  the  present  case  this 
coupling  effect  has  been  computed  using  linear 
strip-theory  as  partly  presented  in  Kure  and  Bang 
(2). 

The  polygon  of  moment  vectors  corresponding  to  the 
individual  terms  of  the  equations  of  motion  is 
shown  in  figure  2 of  the  present  paper.  Even  the 
roll,  sway,  yaw  motion  components  in  mutual  coup- 
ling have  been  computed,  the  yaw  terms  have  been 
discarded,  as  they  were  found  negligible.  The 
linear  strip-theory  is  not  valid  for  the  large 
motions  considered, but  has  been  used  anyway  in  lack 
of  better  values.  It  is  seen  from  figure  1 that 
the  direct  wave  excitation  is  large,  but  counter- 
acted heavily  by  the  sway  acceleration  coupling  term 
to  yield  a relatively  normal  wave  excitation  i.e. 
effective  wave  slope.  Some  of  the  terms  retained 
are  negligible. 

The  rolling  motion  is  also  affected  by  the  periodic 
variation  of  the  righting  moment  during  wave  passa- 
ge. The  ultimate  10  degrees  port  roll  angle  is 
occurring  when  the  ship  is  in  a wave  trough  causing 
large  values  of  righting  moment  and  max.  obtainable 
potential  roll  energy.  As  the  ship  rolls  over  to 
starboard  the  wave  crest  approaches  midship  and 
reduces  the  basic  righting  moment  causing  the  ship 
to  roll  to  a large  starboard  angle. 

Like  other  ship  motion  components  having  a righting 
moment  or  force,  the  roll  motion  is  to  a large 
extent  governed  by  the  righting  moment.  The  small 
residuary  righting  moment  at  a large  angle  of  heel 
is  not  able  to  accelerate  the  roll  motion  to  keep 
pace  with  the  proceeding  wave  excitation  which  ini- 
tially was  acting  near  roll  resonance  tending  to 
cause  large  motions.  The  roll  motion  is  delayed  at 
a large  heel.  The  sway  motion  on  the  other  hand  is 
not  affected  by  the  small  righting  moment  and 
proceeds  with  the  wave  excitation.  The  coupling 
moment  into  roll  develops  with  the  motion  and 
attains  the  large  value  which  would  have  counter- 
acted the  roll  motion  if  it  has  developed  faster. 

But  it  did  not.  The  starboard  heeling  coupling 
moment  capsizes  the  ship. 


Hypotheses  of  the  empirical  world  must  be  tested  to 
study  their  validity,  they  must  be  tested  for  their 
predictive  power  if  they  shall  be  of  any  use.  They 
are  of  use  if  they  reflect  patterns  of  the  physical 
world  and  if  they  do  they  will  predict  phenomena 
pretty  accurately. 

In  terms  of  the  classical  logic  such  testing  of  a 
hypothesis  A against  the  physical  world  will  follow 
the  "modus  tollens"  of  the  hypothetical  syllogisms 

if  A then  B 
not  B 

Conclude:  not  A, 
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meaning  that  we  can  refute  a hypothesis,  not  verify 
it  in  the  strict  sense.  B is  a test  implication. 
Provided  our  testing  had  found  B to  be  the  case, 
then  we  would  not  have  known  for  sure  that  A was 
true.  A had  only  been  corroborated  as  the  techni- 
cal term  is.  Popper  (9) 

Hypotheses  do  not  usually  lend  themselves  to  di- 
rect testing.  Test  implications  must  be  derived 
for  comparison  with  observations  from  the  nature 
we  are  trying  to  describe.  In  the  present  case 
the  modus  tollens  would  read: 

if  our  hypothesis  is  true 

then  the  ship  model  will  capsize. 

The  ship  model  did  not  capsize 

Conclude:  The  hypothesis  is  not  true. 

Conversely,  if  the  ship  model  capsized  as  it  in 
fact  did, we  cannot  conclude  unambiguously  that  our 
hypothesis  is  true, there  might  be  other  reasons. 

It  is  also  important  to  note  that  the  physical 
tests  made  with  the  model  of  the  "Edith  Terkol" 
were  the  origin  of  the  hypothesis  and  hence  cannot 
be  used  to  supply  observation  data  for  a testing 
unless  taking  for  granted  what  we  were  going  to 
prove . 

However,  the  present  investigation  is  not  so  far 
ahead  as  the  above  discussion  indicates.  Before 
we  come  to  that  a test  of  the  inherent  logic  will 
be  needed.  The  hypothesis  deals  with  several  com- 
ponents which  are  interrelated  in  a rather  compli- 
cated manner.  The  various  terms  are  quite  conven- 
tional when  taken  alone  and  in  linear  relationship. 
The  hypothesized  complex  interrelationship  is  not 
easy  to  have  a full  view  of  directly.  The  effect 
of  the  coupling  moment  depends  strongly  on  the 
lagging  behind  of  the  roll  motion  due  to  the  non- 
linear softening  of  the  righting  moment  and  the 
effect  which  causes  the  preliminary  large  heel,  the 
GM-variation  due  to  the  wave  passage.  So  even  the 
hypothesis  may  seem  convincing  in  its  verbal  form 
the  inherent  logic  needs  testing.  This  cannot  be 
accomplished  by  comparison  with  physical  obser- 
vations, but  must  be  done  in  the  world  of  logic. 
Under  the  given  conditions  it  was  found  appropriate 
to  code  the  describing  mathematics  on  the  analog 
computer. 


v)  The  Present  Testing 

The  linear  equations  of  motion  for  the  coupled  roll 
sway  yaw  case  are  given  in  Salvesen,  Faltinsen, 

Tuck  (10)  and  evaluated  term  by  term  for  the  present 
purpose  in  (Cure,  Bang  (2).  It  was  concluded  that 
the  yaw  equation  could  be  left  out  of  consideration 
as  the  coupling  terms  into  roll  were  small.  It  can 
be  concluded  in  addition  that  the  sway  velocity 
term  in  the  roll  equation  can  be  discarded.  The 
roll  damping  term  is  also  very  small,  but  has  been 
retained.  In  the  sway  equation  the  sway  damping 
term  and  the  roll  velocity  coupling  term  are 
negligible  and  have  been  omitted  for  simplicity. 

The  resulting  linear  equations  hence  read: 


for  sway, 

(A22+M)y+ 

(A24-Mzg)<£  - H(F21+iF22)e  (2) 

These  equations  represent  a dynamic  system  which  is 
asymptotically  stable  in  the  large  for  the  actual 
set  of  parameters.  They  are  not  subject  to  inve- 
stigation in  the  present  study. 

For  our  purpose  the  crucial  elements  of  the  hypo- 
thesis must  be  introduced.  They  are  the  softening 
nonlinear  term  in  the  roll  restoring  moment  and 
its  time  variation.  The  introduction  of  these 
terms  in  the  equation  is  inconsistent  with  the  use 
of  the  coefficients  from  the  harmonic  motion  ana- 
lysis. However,  the  resulting  discrepances  are 
believed  to  cause  second  order  effects  only  in  the 
present  context. 

The  restoring  term  in  the  linear  roll  equations 
reads: 

AGZ  = C44  4> 

It  has  been  converted  to: 

AGZ  = C444-+D444*3  (3) 

where  D is  given  a negative  value  to  make  25.  GZ  = 0 
at  a specified  angle  of  heel. 

The  oscillation  due  to  wave  passage  is  introduced 
by  setting 

C44  = C440+C441  sin(uit+y) 
and  taking 

C441  = f(wave  amplitude)  = C442H  (4) 

in  a linear  representation,  where  H is  the  wave 
amplitude, and  C442  has  been  determined  from  digital 
computations  of  righting  levers  in  the  quasi-static 
case  of  the  ship  on  a wave-crest, -trough  respecti- 
vely and  with  the  Smith  effect  included. 

The  final  mathematical  form  on  which  the  hypothesis 
will  be  tested  then  reads: 

(A44+I44)  +B444* 

+ (C440+C442  H sin  (u>  t+jf))^  +D444* 

+ (A42-MzQ)y  = H(F41+iF42)ei t (5) 

for  roll, 
and  for  sway: 

(A22+M)y 

+ (A24-Mzg)$=  H(F21+iF22)e1U,t  (6) 

The  solution  of  these  simultaneous,  nonlinear  equa- 
tions of  motion  will  reveal  the  possible  virtues  of 
the  hypothesis  on  the  unsteady  capsizing  effect  of 
the  large  sway,  roll  coupling  moment  due  to  the 
strongly  softening  nonlinear  roll  restoring  moment 
and  its  variation  during  wave  passage  in  stern 
quartering  seas. 


for  roll, 

(A44+I44)*  +B44f+C444> 

+(A42-MzG)y  = H(F41+iF42)e  1 (1) 
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III.  PREPARATIONS 
i)  The  Analog  Model 

The  analog  computer  used  is  the  EAI  type  TR  20 
consisting  of  several  elements  capable  of  perfor- 
ming addition,  multiplication,  attenuation  and 
integration  of  the  instantaneous  electric  voltage 
input  which  is  proportional  to  each  corresponding 
variable  in  the  physical  system  simulated. 


The  sum  is  used  as  input  to  the  first  integrator  in 
the  main  roll  state  circuit.  The  desired  quanti- 
ties, the  state  variables  ^ appear  as  output 
from  the  two  successive  integrators  as  usual. 

See  e.g.  Ogata  (11).  The  analog  model  used  is 
described  in  some  detail  in  the  appendix  to  the 
present  paper. 


ii)  The  Model  Parameters 


The  basic  variables  in  the  present  case  are  the 
state  variables  and  4*  • The  simulation  is  per- 
formed in  such  a way  that  these  state  variables 
develop  in  real  time.  They  are  interpreted  in 
the  following  way: 


and 


(7) 


The  heart  of  the  analog  simulation  of  eqs.  (5)  and 
(6)  is  the  two  elements  performing  the  instantan- 
eous integration  of  <lp  to  yield  ^ and  the  integra- 
tion of  <^>  to  yield  ^ . 

The  structure  of  the  simulation  circuit  is  made  up 
from  a rearranged  set  of  equations  of  motion  (5) 
and  (6). 

Expressing  explicitly  from  (5)  yields: 

(A44+I44)«t»  = H(F41+iF42)e1Wt  -B444>  , 

- (C440+C442H  sin  (wt+f))4>-D444> i 

- (A24-MZ(,)y  (8) 

It  is  seen  that  after  normalization  with  (A44+I44) 
the  variable  e£  is  made  up  as  the  sum  using  proper 
signs  of  the  instantaneous  values  of  the  individual 
terms  on  the  right  hand  side. 

The  generation  of  the  instantaneous  values  of  the 
individual  terms  occupies  the  bulk  of  the  analog 
simulator.  The  primary  sub  assembly  generates  the 
sinusoidal  voltage  representing  the  real  part  of 
the  exponential  function  eiwt  in  the  external  for- 
cing functions.  Closely  related  hereto  is  the 
phase-shift  circuits  causing  these  external  influ- 
ences to  appear  in  proper  phase. 


The  relevant  model  parameters  are  the  coefficients 
of  the  equations  of  motions  inclusive  of  those  of 
the  nonlinear  terms.  They  refer  all  to  the  bal- 
lasted condition  of  the  "Edith  Terkol"  as  modelled 
in  the  wave  basin  of  the  Danish  Ship  Research 
Laboratory.  The  metacentric  height  was  a little 
higher  than  at  the  real  capsize.  The  model  did, 
however,  capsize  repeatedly  in  the  model  basin  when 
in  this  condition  of  loading. 


The  wave  basin  test  conditions  corresponded  accor- 
ding to  Froude's  law  to  a speed  of  about  iO  knots 
of  the  real  ship  in  quartering  waves  about  30  de- 
grees from  the  stern  and  of  about  100  m in  length. 
Referred  to  the  earth  the  wave  period  was  about  8 
seconds.  The  Doppler  shift  towards  longer  periods 
in  this  sailing  condition  resulted  in  a period  of 
encounter  of  about  12  seconds,  which  was  close  to 
the  period  of  resonant  roll  of  the  softening  ship 
roll  motion  having  a natural  period  of  roll  of 
10.6  seconds  according  to  the  linear  ship  charac- 
teristics . 


Main  Particulars  of  the  Model  Capsize  Condition 
of  the  "Edith  Terkol". 


Table  1. 

Displacement 
Length  PP 
Beam 
Depth 

Draft  at  At 
Trim  aft 
GM 


645  m 
58.6  m 
9.65  m 
4.15m 
1.75  m 
1.52  m 
0.70  m 


The  coefficients  of  the  linear  strip-theory  have 
all  been  stated  in  Kure,  Bang  (2)  and  have  the 
following  values, 


Another  sub  assembly  generates  the  softening,  non- 
linear restoring  moment  as  a function  of  the 
instantaneous  value  of  the  4>  signal  and  superposes 
on  it  the  time  variation  due  to  wave  passage. 
Finally  a sub  assembly  generates  the  sway  accele- 
ration in  its  explicit  form  obtained  by  normalizing 
the  equation: 

(A22+M)y  = (F21+iF22)elWt 

-(A24-MzG) $ (9) 

The  variable  y is  introduced  in  the  roll  circuits 
after  being  weighted  with  the  proper  coefficient. 

Adding  the  instantaneous  signals  from  all  the 
sub  generators  results  in  a sum  which  is  propor- 
tional to  the  corresponding  value  of  . 


Coefficients  of  the  Linear  Roll  Equations. 
Table  2. 

Mass  terms: 


A44 

3950  Mgm2 

144 

- 680  Mgm 

A42 

7550  Mgm2 

Mzg 

1680  Mgm 

Damping: 

B44 

50  kNm. sec 

Restoring: 

C44  4050  kNm 
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The  wave  excitation  moment  components  refer  to 
3.5  m trough  to  crest  wave  height  due  to  a speci- 
fic purpose  in  the  applied  strip-theory  computer 
program. 

F41  (real  part)  98  kNra 

F42  (imaginary)  510  kNm 


Coefficients  of  the  Linear  Sway  Equations. 
Table  3. 

Mass  terms: 


A22 

M 

A24 

MzG 


410  Mg 
645  Mg 
670  Mgm 
1680  Mgm 


Wave  excitation  for  3.5  m wave  height: 

F21  (real  part)  21  kN 

F22  (imaginary)  —330  kN 


Coefficients  of  the  Non-linear  Terms. 
Table  4. 

3* order is$  restoring: 

D44  4050  kNm 


Wave  passage  oscillation: 

C442  440  kN 

The  phase  of  this  term  has  been  introduced  in  the 
simulation  to  comply  in  principle  with  the  minimum 
value  to  occur  when  the  wave  crest  is  amidship,  at 
the  origin  of  the  strip-theory  reference  system. 
This  means  for  the  present  case  that  this  oscilla- 
tion leads  the  wave  excitation  term  in  the  roll 
equation  abt.  86  degrees.  A value  of  90  degrees 
have  been  used  for  simplicity. 


iii)  Tests  of  Submodels  and  Special  Cases. 

Before  the  intended  use  could  be  made  of  the  simu- 
lated system  in  total,  several  tests  on  its  sub- 
systems had  to  be  made  in  order  to  ensure  the 
reliability  of  the  response  of  the  total  system, 
which  will  yield  the  premises  for  the  conclusions. 

Such  testing  took  place  by  decoupling  the  individu- 
al subsystems  and  exciting  them  separately.  It  has 
been  taken  for  granted  that  satisfactory  testing  of 
the  subsystems  would  ensure  correct  operation  of 
the  total  system,  provided  this  is  logically 
structured.  An  overall  test  of  the  linear  part 
of  the  total  system  has  been  made  against  the 
strip-theory  outprint. 

The  central  integrating  circuit  for  the  two  state 
variables  of  the  roll  mode  is  a linear  system. 

It  was  tested  in  terms  of  its  analytically  pre- 
dictable response  to  a step  excitation.  The  test 
quantities  were  the  period  of  oscillation  which  is 
uniquely  determined  by  the  ratio  of  (A44+I44)  to 
C44  in  the  equations  of  motion.  The  rate  of  decay 
of  the  peak  values,  i.e.  the  logaritmic  decrement, 
is  determined  in  addition  by  the  damping  coeffi- 
cient B44. 


The  prime  mover,  the  sine  function  generator,  was 
tested  simply  by  recording  of  period  and  amplitude 
of  the  basic  signal  of  the  derived,  phase  shifted 
signals.  The  basic  signal  is  used  for  the  roll 
excitation  and  its  phase,which  lags  the  angle 
tan-l(F42  t F41)  behind  the  strip-theory  phase 
reference  instant,  is  taken  as  reference  for  phase 
angles.  The  sway  excitation  force,  which  lags  the 
angle  of  tan"l(F22  t F21)  behind  the  strip-theory 
phase  reference  instant,  is  thus  lagging  168 
degrees  behind  the  roll  excitation.  A time  inte- 
gration was  used  to  produce  the  90  degrees  phase 
shift  for  the  signal  of  the  wave  passage  oscil- 
lation of  the  restoring  signal.  No  check  of  this 
angle  was  hence  necessary. 

The  nonlinear  roll  restoring  moment  was  tested  sta- 
tically according  to  definition.  The  representing 
signal  was  plotted  versus  heel  angle  signal  on  an 
X-Y  plotter.  See  figure  3 . The  tangent  at  the 
origin  reflects  the  coefficient  C44  and  relates  to 
the  zero  wave  height  case.  At  a distance  above 
and  below  the  still  water  curve  other  curves  have 
been  drawn  by  the  subsystem  generating  the  oscil- 
lation due  to  wave  passage.  The  amplitude  values 
only  have  been  shown. 

A special  case  of  the  total  system  is  the  subsystem 
consisting  of  the  central  integrators,  the  excita- 
tion generators,  the  sway  coupling  generator,  i.e. 
the  sway  equation  circuit,  and  the  linear  non- 
oscillating part  of  the  roll  restoring  circuit. 

The  response  of  this  linearized  simulator  circuit 
should  comply  with  the  results  fro*  the  strip- 
theory  program  with  smaller  deviations  due  to 
omission  of  small  terms.  The  strip-theory  results 
refer  to  the  stationary  solution  of  the  equations, 
obtained  when  the  starting  transient  has  died  out. 
Time  had  hence  to  be  allowed  for  this  process  to 
finish  before  readings  were  taken  from  the  re- 
sponse recorders.  About  ten  minutes  were  found 
necessary  for  this  process  in  the  l ^al  time  simu- 
lation. During  this  period  of  simultaneous 
presence  of  the  stationary,  forced  response  and  the 
decaying  transient  response  beats  of  the  two  were 
observed  at  the  theoretically  predictable  differen- 
ce frequency  between  the  two  which  have  oscillation 
period  of  respectively  11.7  and  10.6  seconds.  For 
trial  purposes  a much  stronger  damping  were  intro- 
duced, causing  a very  fast  decay  of  the  starting 
transient  and  the  beats.  A rise  time  on  the 
excitations  were  also  tried  in  order  to  reduce  the 
effect  of  the  starting  transient  for  the  compari- 
sons with  the  strip-theory  results.  The  effect 
of  the  rise  time  was  roughly  speaking  a delay  of 
the  initial  part  of  the  response  time  history. 

These  intermediate  tests  were,  however,  of  no 
interest  to  the  intended  hypothesis  testing.  The 
capsize  under  study  happened  in  the  wave  basin 
amongst  the  very  first  waves  of  a group  following 
almost  quiet  water  and  the  effect  of  a rise  time 
could  not  have  been  strong.  For  this  case  the 
conditions  were  not  stationary,  but  included  the 
starting  transient. 
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For  a one  meter  amplitude  wave  the  simulated  roll 
amplitude  was  found  to  be  5.3  degrees  against  the 
strip-theory  value  of  5.2  degrees,  and  the  simula- 
ted sway  acceleration  divided  by  the  square  of  the 
circular  frequency  of  encounter  to  yield  sway 
motion  amplitude  of  0.73  m compared  also  well  to 
the  corresponding  strip-theory  value  of  0.70  m. 


IV.  THE  SIMULATION 

i)  General 

The  purpose  of  the  simulation  of  the  behaviour  of 
the  eqs.  (5)  and  (6)  was  to  test  the  logic  of  the 
hypothesis  of  chapter  II  section  iii).  This  cannot 
be  done  by  studying  the  response  of  the  system  with 
and  without  the  main  cause  in  operation.  The  main 
cause  was  claimed  to  be  the  roll  moment  induced 
by  the  sway  acceleration  obtaining  an  unsteady 
effect  at  large  angles  of  heel  where  the  strongly 
softening,  non-linear  restoring  moment  had  become 
weak.  The  removal  of  the  coupling  moment  would 
disturb  the  balance  of  the  individual  terms  of  the 
equations,  see  figure  2,  to  an  extend  which  would 
not  permit  comparison  of  the  two  cases.  The 
physical  system  under  test  would  need  large 
variations  of  its  describing  parameters  in  order  to 
resemble  the  equations  without  the  coupling  tern. 
That  could  be  physically  realized  by  bringing  t e 
centre  of  gravity  1-2  m down  in  the  ship. 

Another  way  of  study  has  hence  been  chosen  for 
the  present  case.  The  important  variables  are, 
besides  the  roll  angle,  the  wave  exciting  moment, 
the  sway  coupling  moment  and  the  righting  moment. 
All  four  have  been  recorded  continuously  on  an 
X-Y  recorder  draining  the  signals  from  the  summing 
device  in  the  analog  circuit.  See  figure  4 and 
the  appendix.  The  results  from  the  main  case 
appear  as  time  history  in  figure  9,  which  shows 
the  variation  of  each  of  these  quantities  during 
the  oscillations  leading  to  the  capsize.  The  simu- 
lation did  in  fact  show  capsize  after  a few  waves 
just  as  the  physical  experiments  did. 

Figure  10  shows  the  ultimate  half  roll  from  this 
simulation.  It  has  been  indicated  at  its  starting 
peak  by  a small  circle  in  the  time  history  of  roll 
in  figure  9.  The  diagram  in  figure  10  shows  the 
individual  moments  to  a base  of  the  instantaneous 
roll  angle  and  corresponds  completely  to  the 
ordinary  GZ  versus  heel  diagram. 

Figures  5 and  6 and  figures  7 and  8 are  correspon- 
ding sets  of  diagrams  referring  to  four  and  five 
meters  wave  height  respectively. 

Simulation  was  only  performed  for  the  30  degrees 
from  aft  quartering  sea  case  at  about  10  knots 
speed  at  which  the  model  of  the  "Edith  Terkol" 
capsized  in  the  wave  basin.  The  wave  parameters 
were  as  follows: 

Wave  length:  100  m 

Wave  period:  8.0  secs. 

Period  of  encounter:  11.7  secs. 


ii)  The  Main  Simulation  Case 

The  time  histories  of  the  individual  variables  du- 
ring the  simulation  of  the  main  case  corresponding 
to  the  wave  basin  capsize  in  9 m high  waves  have 
been  reproduced  in  figure  9.  The  lower  curve  shows 
the  instantaneous  roll  angle  beginning  from  zero 
through  a diminutive  heel  to,  say,  port  side 
through  a 45  degrees  starboard  and  about  50  degrees 
port  side  heel  where  the  ultimate  half  roll  begins. 
This  peak  has  been  encircled. 

The  second  curve  from  below  shows  the  instantaneous 
value  of  the  righting  moment.  The  saddles  on  the 
peaks  reflect  the  passing  of  the  top  of  the  GZ- 
curve  causing  lower  values  of  righting  moment  than 
at  the  top.  See  also  figure  10  showing  the  ulti- 
mate half  roll  commencing  at  the  circled  peak. 

This  angle  of  heel  plots  at  the  utmost  left  on  fi- 
gure 10  from  where  it  is  easily  seen  that  the  top 
of  the  GZ-curve  has  been  passed.  The  upper  curves 
are  the  direct  wave  exciting  moment  and  the  coupling 
moment  from  sway.  In  the  first  part  of  the  simula- 
tion the  latter  two  are  seen  to  almost  outweight 
each  other.  This  stationary  case  has  been  extended 
into  the  following  time  history  by  the  dotted  curve 
to  elucidate  the  actual  behaviour  of  the  coupling 
moment  from  sway . 

It  is  seen  that  immediately  before  the  capsize  the 
stationary  value  of  the  coupling  moment  would  have 
had  a peak  value  counteracting  the  somewhat  larger 
wave  moment.  See  figure  2.  In  the  actual  case, 
however,  the  coupling  moment  was  reversed  to  assist 
the  wave  moment.  This  trend  is  indeed  pretty  close 
to  the  prediction  of  the  hypothesis  under  test. 

iii)  The  Character  of  the  Curves 

The  regular  shape  of  the  time  histories  of  the 
variables  at  the  beginning  of  the  simulation  repro- 
duced in  figure  9 is  soon  lost  when  approaching  the 
capsize.  The  similar  curves  from  the  simulations 
for  4 and  5 m wave  heights  are  much  more  regular 
over  long  periods  as  it  could  be  expected  for  these 
cases  closer  to  the  initial  linear  system. 

Curves  representing  wave  moment  and  coupling  moment 
are  usually  not  shown  in  the  GZ  diagrams  as  they 
are  in  the  figures  6,  8 and  10.  For  the  fully 
linear  case  these  curves  would  be  ellipses  having 
their  principal  axes  inclined  in  relation  to  the  ^>, 
GZ  axes.  The  lengths  of  the  principal  axes  and 
their  inclination  are  determined  solely  by  the 
amplitudes  and  phases  of  the  roll  motion  and  the 
individual  variables  and  of  course  by  the  units  on 
the  coordinate  axes.  This  is  best  recognized  in 
figure  6 showing  the  4 m wave  height,  almost  linear 
case.  Semi-ellipses  are  seen  because  only  one  half 
roll  period  is  shown.  Their  principal  axes  are 
oppositely  inclined  towards  the  <j>  axis  because  they 
are  of  opposite  phase,  as  it  appears  from  the  time 
histories  of  figure  5.  Both  elliptically  shaped 
curves  are  drawn  as  functions  of  the  instantaneous 
value  of  heel  on  the  abscissa  axis.  Corresponding 
ordinates  will  hence  represent  simultaneous  values 
of  the  two  moments  acting  in  the  motion. 
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iv)  Other  Simulated  Cases 

The  above  found  preliminary  result  made  it  inter- 
esting to  find  the  limiting  wave  height  for  capsize, 
all  other  parameters  kept  unchanged. 

Reducing  the  wave  height  in  the  analog  computer  was 
performed  by  the  attenuators  1,6  and  7,  see  figure 
4.  The  wave  height  was  reduced  in  steps  until  so 
low  values  that  capsize  did  not  occur  in  the  long 
run.  The  sets  of  figures  5,  6 and  7,  8 show  the 
results  for  4 ir.  and  5 m wave  height  respectively. 
Capsize  occurred  in  the  first  case,  but  not  in  the 
second.  The  time  histories  of  the  individual  con- 
tributions indicate,  however,  that  the  unsteady 
effect  from  the  9 m case  was  not  present. 

In  the  5 m wave  heigh-  case  rolling  seemed  to  build 
up  as  the  wave-train  proceeded.  When  the  roll 
energy  was  high  enough  to  cope  with  the  diminishing 
righting  moment  caused  by  the  strongly  negative 
cubic  term  the  ship  capsized,  or  at  least  the 
solution  with  respect  to  <^?of  the  equations  (5)  and 
(6)  tended  to  infinity. 

It  is  seen  at  the  two  largest  heel  angles  to  each 
side,  before  the  ultimate  half  roll  begins,  that 
the  top  of  the  GZ-curve  has  been  reached.  The  time 
history  is  quite  flat  meaning  that  the  GZ-curve 
was  constant  during  this  period. 

Additional  simulations  using  other  wave  heights  for 
a fine  resolution  around  the  capsize  inception 
value  showed  this  to  be  in  the  range  of  wave  heights 
between  4.4  and  4.8  m. 


v)  Discussion  of  the  Unsteady  Effect 

The  preliminary  result  of  the  main  simulated  case 
was  the  occurrence  of  the  inversion  of  the  sway 
coupling  moment  during  the  ultimate  half  roll.  The 
claim  by  the  hypothesis  that  this  was  caused  by  the 
strong  softening  of  the  restoring  moment  has  been 
critically  examined. 

The  time  history  of  the  coupling  moment  appears 
from  figure  9 showing  the  inversion  of  the  peak 
value  from  a mode  resisting  to  a mode  assisting  the 
wave  moment.  The  corresponding  presentation  of  the 
instantaneous  values  versus  heel  angle  in  figure  10 
reveals  some  discrepances  from  the  hypothesis. 
Initially  it  is  seen  that  the  effect  of  the  oscil- 
lation of  GZ  during  wave  passage  is  such  that  the 
GZ-curve  has  been  raised  a little  in  value  for  both 
port  and  starboard  heel  angles  during  this  half 
period  of  roll.  A stronger  effect  was  expected  by 
Kure  and  Bang  (2)  in  setting  up  the  hypothesis. 
However,  phases  between  the  individual  contribu- 
tions must  have  been  different  from  those  presumed 
and  the  effect  thereby  reduced. 

Apart  from  this  missing  contribution  to  capsize  the 
unsteady  effect  looked  for  was  indeed  found,  but 
close  examination  showed  the  instant  of  inception 
to  he  different  from  that  explained  by  the  hypo- 
thesis, and  questioned  by  H.  Bird  in  a written 
contribution  to  Kure,  Bang  (2).  The  hypothesis 
claimed  that  reduction  in  righting  moment  would 
cause  the  roll  motion  to  lag  behind  the  wave 
encounter  and  the  sway  motion  and  thus  meet  the 
coupling  from  the  latter  with  the  opposite  sign  of 
normal.  This  is  not  observed  in  the  corresponding 
simulation.  The  process  there  is  much  more  com- 
plicated as  discussed  in  the  following,  centering 
around  figure  10. 


The  above  mentioned  slight  increase  of  the  righting 
lever  curve  is  reflected  by  the  shift  of  the  cros- 
sing between  the  curve  and  the  ‘i’axis.  The  curve 
parameters  for  still  water  are  chosen  to  give  a 
crossing  at  one  radian  or  57.3  degrees.  The 
crossing  at  a higher  value  of  4> means  higher  curve 
ordinates.  The  wave  moment  enters  the  ultimate 
half  roll  to  the  left  in  the  diagram  in  a semi- 
ellipse like  curve.  This  is  distorted  towards  the 
capsize  as  the  abscissa  grows  indefinitely  (in  the 
simulation  only). 

The  stationary  counterpart  of  the  sway  coupling 
moment  is  represented  by  the  dotted  curve  above  the 
axis.  It  is  also  of  ellipse  like  shape  at  the 
beginning  and  distorted  at  the  right  hand  side 
approaching  capsize.  If  capsize  had  not  occurred 
the  two  moment  curves  in  the  diagram  would  have 
revealed  ellipse  like  shape  at  the  right  hand  side 
also  having  vertical  tangent  there  at  the  max.  heel 
angle.  The  actual  time  history  of  the  sway  coupling 
moment  did  not  at  all  follow  this  form  even  it 
approaches  it  towards  the  point  of  no  return.  This 
development  of  the  coupling  moment  does  not  comply 
with  the  hypothesis. 

The  factual  development  of  the  sway  coupling  moment 
is  to  assist  the  wave  moment  in  the  first  part  of 
the  ultimate  half  roll  where  the  ship  is  righting 
from  a heeled  state  towards  upright  and  to  resist 
it  in  the  ultimate  quarter  roll.  The  reasons  for 
this  have  been  sought  in  the  intricate  mutual 
interaction  of  the  individual  contributions  to  the 
instantaneous  total  moment.  Figure  4 and  the 
modelled  equations  (5),  (6)  show  the  well  known 
fact  that  not  only  is  the  sway  coupling  into  roll, 
but  also  vice  versa. 

Looking  at  the  analog  computer  diagram  figure  4 it 
is  seen  that  the  contributions  to  are  the 
following: 

The  neglected  small  damping  B 4>. 

The  righting  moment  acc . to  eq.(4). 

The  wave  forcing  moment  (F41+iF42). 

The  sway  coupling  moment  (A42-Mzg) . 

The  independent  cause,  the  wave  moment,  is  sinusoi- 
dal and  do  not  directly  contribute  to  the  unsteady 
effect.  The  passage  of  the  top  of  the  righting 
moment  curve  does  directly  affect  . 

However,  is  itself  affecting  the  sway  acceleration 
trough  the  coupling  term  in  the  sway  equation  (6). 

It  appears  also  from  the  corresponding  sway  genera- 
tion circuit  of  figure  4.  The  effect  on  <p  of  the 
saddle  in  the  righting  moment  curve  is  thus  trans- 
ferred to  the  sway  motion  (and  equation)  and  from 
there  back  again  to  the  roll  motion  in  a final 
effect  as  seen  from  figures  9 and  10.  The  final 
effect  of  the  sway  coupling  moment  on  the  ultimate 
half  roll  is  thus  not  to  reduce  the  stability  work 
in  the  second  part  of  this  half  period,  but  to 
increase  the  heeling  work  during  the  first  part  of 
it. 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 

Capsize  of  ships  is  a very  serious  matter.  In  the 
present  context  it  is  so  because  the  physics  of  the 
dynamic  cases  are  not  well  understood.  This 
implies  a lack  of  rationality  in  the  rules  and  re- 
gulations and  misleading  of  designers  and  skippers. 
The  present  paper  dealt  with  a hypothesis  regarding 
a mode  of  dynamic  capsize  in  ste  n quartering  seas, 
where  the  inception  of  an  unsteady  effect  was 
claimed  responsible  for  the  disaster. 

In  a previous  paper  on  the  subject  the  hypothesis 
was  formulated  in  verbal  terms  referring  to  quali- 
tative aspects.  In  the  present  paper  it  was  given 
a mathematical  formulation  by  introduction  of  the 
relevant  non-linear  terms  into  the  equations  of 
motion  and  using  the  original  coefficients  from 
harmonic  potential  flow  around  each  hull  section 
and  strip-theory  for  integration.  This  is 
naturally  not  applicable  with  great  accuracy  to 
the  strongly  non-linear  case  of  ships'  capsize. 

The  intention  was  to  study  the  general  trend. 

And  the  hypothesized  inversion  of  the  sway  into 
roll  coupling  moment  was  indeed  found  in  the  analog 
computer  simulation  performed  and  reported  in  the 
paper.  A simulation  was  deemed  necessary  to  study 
the  logic  inherent  in  the  hypothesis,  but  not  in 
itself  very  clear  because  of  the  complexity  of  the 
mutual  interaction  of’  the  terms  on  the  equations 
of  motion. 

A critical  examination  showed  that  the  time  history 
of  the  coupling  moment  inversion  in  certain 
respects  was  different  from  the  hypothesized,  and 
it  can  be  discussed  if  the  time  history  of  the  roll 
angle  during  capsize,  as  it  happened  in  the  wave 
basin  according  to  figure  1,  in  one  of  the  first 
waves  in  a group,  did  comply  with  the  analog  simu- 
lation time  history  of  figure  9.  The  initial  heel 
angle  to  the  ultimate  half  roll  was  about  10  de- 
grees in  the  wave  basin  against  about  50  degrees 
in  the  corresponding  simulation. 

In  spite  of  the  factual  occurrence  of  the  coupling 
moment  inversion  which  in  a way  corroborated  the 
hypothesis  under  test  it  must  be  concluded  that 
further  refinements  are  necessary. 

It  is  therefore  recommended  that  serious  research 
is  promoted  within  this  field  of  dynamic  capsize. 

A lot  has  been  done  already  as  referred  to  in  the 
text  and  directed  in  a rational  way  towards  single 
topics.  It  was  not  expected  that  the  present  small 
study  would  reveal  the  secrets  of  dynamic  capsize. 
The  objective  was  too  specific  and  the  mathematics 
involved  too  simple.  The  added  mass  and  damping 
concepts  referring  to  the  harmonic  motion  and 
potentials  did  not  comply  good  enough  with  the 
facts.  Other  causes  such  as  the  surging  of  the 
vessel  during  wave  passage  and  the  resulting  non- 
harmonic righting  moment  variation  was  not  included. 

An  overall  solution  will  be  needed  in  the  time 
domain  treating  the  flow  around  the  hull  together 
with  the  hull  dynamics  to  yield  a rational  approach. 

It  is  hoped,  however,  that  the  present  very  speci- 
fic investigation  has  thrown  some  light  on  one 
aspect  of  the  physics  of  dynamic  capsize  of  ships 
and  thus  helped  the  progress  within  this  field  of 
research. 
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LIST  OF  SYMBOLS 

A weight  of  ship  displacement 

GM  metacentric  height 

Jp  roll  angle 

t 

<p  roll  angular  velocity 

roll  angular  acceleration 
y sway  motion 

y sway  velocity 

y sway  acceleration 

M fixed  mass  of  ship 

144  fixed  mass  moment  of  inertia  of  ship 
G centre  of  gravity  of  ship 

ZG  vertical  coordinate  of  G 

C44  restoring  coefficient 

C440  A-GM 

C441  amplitude  of  -GM  oscillation 

C442  C441  per  meter  wave  height 

D44  coefficient  of  cubic  restoring 

B44  linear  damping  coefficient 

M4  hydrodynamic  mass  moment  of  inertia  in  roll 

A22  hydrodynamic  mass  in  sway 

A42  hydrodynamic  coupling  coeff.  sway  into  roll 

A24  hydrodynamic  coupling  coeff . roll  into  sway 

H wave  amplitude 

F41  wave  moment,  roll.  Real  part 

F42  wave  moment,  sway.  Imaginary  part 

F21  wave  force,  sway.  Real  part 

F22  wave  force,  sway.  Imaginary  part 
i imaginary  unit 

e base  of  natural  logs 

phase  angles 


© IMechE  1977 


194 


REFERENCES 


(1)  Bovet,  D.M.  et  al,  "Recent  Coast  Guard 

Research  into  Vessel  Stability", 

Marine  Technology,  Oct.  1974. 

(2)  Kure  K,  Bang  C.J.,  "The  Ultimate  Half  Roll", 

International  Conference  on  Stability 
of  Ships  and  Ocean  Vehicles,  Glasgow 
1975. 

(3)  Dalzell,  J.F.,  "Distribution  of  Peaks  of  a 

Non-Linear  Roll  Motion" 

Rep.  Davidson  Laboratory. 

(4)  Oakley,  O.G.  et  al,  "Ship  Motions  and 

Capsizing  in  Stern  Seas", 

10th  Symposium  on  Naval  Hydrodynamics, 
Boston  1975. 

(5)  Willems,  J.L.,  "Stability  Theory  of  Dynamical 

Systems" , 

Nelson  Publ . , London  1971. 

(6)  Paulling,  J.R.,  Rosenberg,  R.M. , "On  the 

Unstable  Ship  Motions  Resulting  from 
Non-Linear  Coupling", 

Journal  of  Ship  Research,  Vol.3  No.  1 
1959. 

(7)  Leclert,  E.M.,  "On  Certain  Theorems  Respec- 

ting the  Geometry  of  Ships", 

Transactions  I.N.A.  1870. 

(8)  Kuo,  C,  Odabasi,  A.Y.,  "Application  of 

Dynamic  Systems  Approach  to  Ship  and 
Ocean  Vehicle  Stability", 

International  Conference  on  Stability 
of  Ships  and  Ocean  Vehicles,  Glasgow 
1975. 

(9)  Popper,  K.R.,  "The  Logic  of  Scientific 

Discovery", 

Hutchinson  of  London,  1968. 

(10)  Salvesen  et  al,  "Ship  Motions  and  Sea  Loads", 

Transactions  of  SNAME  1970. 

(11)  Ogata,  K. , "State  Space  Analysis  of  Control 

Systems", 

Prentice  Hall  1967. 


11.60 


APPENDIX 


iii)  Coefficients 


ANALOG  SIMULATION  OF  THE  DYNAMIC  SYSTEM 
i)  Analog  Simulator 


In  the  following  metric  units  for  the  coefficients 
will  be  used,  and  the  simulation  model  is  based  on 
values  given  below. 


Simulation  of  the  dynamic  system  described  by  eq. 
(5)  and  with  model  parameters  stated  in  Chapter 
III  section  ii)  was  as  previously  mentioned  execu- 
ted by  means  of  an  Electronic  Analog  Simulator  type 
EAI  TR-20,  containing  20  amplifiers  with  input- 
output  gain  of  recpectively  1 and  10.  The  ampli- 
fiers serve  as  adding  elements,  sign  converters 
and  by  feed-back  capacitors  as  integrators  as  well. 
Further  the  simulator  has  built-in  attenuators, 
and  it  has  been  extended  with  the  necessary  num- 
ber of  non-linear  elements  for  generating  the  non- 
linear function  of  AGZ.  These  non-linear  ele- 
ments consist  of  integrated,  four-quadrant  multi- 
plying circuits  of  type  AD  53o  with  output 
functions  .1  x X x Y. 

The  variables  of  the  dynamic  problem  are  represen- 
ted by  output  voltages  from  amplifiers  and  inte- 
grators within  the  range  of  1 10  V in  this 
particular  simulator.  Other  systems  are  operating 
with  output  voltages  within  the  range  of  t 100  V, 

• hich  gives  more  space  for  programming,  but  not 
necessarily  better  reliability  and  accuracy. 

The  main  idea  in  analog  simulation  of  a dynamic 
system  consists  in  building  an  electronic  network 
model  with  the  identical  dynamic  qualities  as  the 
original  system,  based  upon  its  mathematical  model. 
With  this  model  as  initial  base  the  electronic 
model  will  be  built  up  step  by  step,  as  we  shall 
see  next. 


ii)  Mathematical  Model 


The  coefficients  C44  and  D44,  used  in  the  model, 
forming  the  righting  moment,  which  in  turn  is  a 
function  of  heeling  angle  in  a rather  complex  way, 
need  some  further  explanation. 

The  righting  moment  £yGZ  = C44-<^  + D44  • <p>  is 
simulated  by  a function  with  the  following  struc- 
ture: 

^•GZ  “ (C440+C442  • H • sin(k)t+jf) ) •<J>*D44 • 4 2 

(7) 

H is  wave  amplitude  and  y the  phase  angle  between 
wave-exited  moment  and  oscillating  part  of  righting 
moment.  This  phase  angle  can  with  more  or  less 
approximation  be  given  the  value  of  + ■“•  . 

Further,  the  value  of  D44  is  established  by  the 
assumption  that  heeling  moment  takes  the  value  of 
zero  for  d? » 1 radian  in  calm  waters  (H  « 0), 
which  leads  to  the  relation: 

D44  = -C440  (8) 


Values 

of  coefficients: 

Coeff '. 

Value 

Unit 

A44 

405 

t m s2 

A42 

- 69 

t s2 

A22 

42 

t s2  m'1 

A24 

- 69 

t s2 

The  mathematical  model  for  the  actual  problem  is 
as  mentioned  in  Chapter  II  section  v) : 

(A44+I44)«f  + B444  + C44  4 

+ 044  4*3  + (A42-Mz„)y 

= (F41+F42)eiwt  ° (1) 

and 

i|i)  f 

(A22+M)y  + (A24-MzG)i^  = (F21+F22)e  (2) 


Normalizing  by  dividing  by  coefficients  to  highest 
derivative  of  ^ and  y gives  a new  set  of  equations: 
•f.  F41+F42  itot  B44  : 

T “ A44+I44  "e  ” A44+I44 


C44  . 

A44+I44  ' 

A42-Mzg 
A44+I44  ' y 


D44 

A44+I44 


•t3 


0 


(3) 


(4) 


dj> 
dt  " 


4» 


(5) 


F21+F22  ik>t  A24+Mzf,  £ 
A22+M  'e  " A22+M  " 


(6) 


B44 

5 

t m s 

C440 

413 

t m 

C442 

45 

t 

144 

769 

2 

t m s 

M 

66 

.2-1 
t s m 

F41 

10 

t m 

F42 

54 

t m 

F21 

2.3 

t 

F22 

- 33 

t 

Values  for 

forces  and  moments 

are  given  for  wave 

amplitrdes 

of  1 metre. 

Forces  and  moments  written  as  real  plus  imaginary 
functions  of  wave  amplitudes  in  eqs.  (1)  and  (2) 
above  can  easily  be  transformed  to  trigonometric 
functions : 

H-(F41+F42)-el  = H-|F41+F42|  -sin  t 

= H-55-sin  t (9) 

considering  that  phase  angle  measuring  uses  the 
wave-exited  moment  as  basis. 
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H- (F21+F22)-e1Wt  - H-  \ F21+F22  \- sinOot+0)  (10) 
H*18.8-sin(iOt+#) 

where  0 is  the  phase  angle  between  wave-exited 
moment  F4  and  the  moment  caused  by  the  sway-force 
F2. 

Using  the  values  for  F4  and  F2  this  phase  angle 
amounts  to  -164  deg. 


The  term  3.52  x [l  $5*  is  formed  by  multipliers 
No.  2 and  3 and  necessary  potentiometers  and 
amplifiers  and  it  appears  as  output  from  poten- 
tiometer No.  9.  The  two  mentioned  terms  are  added 
in  amplifier  No.  5 and  arrives  as  one  single  voltage 
to  amplifier  No.  9.  This  voltage  represents  the 
righting  moment  divided  by  the  total  moment  of 
inertia  of  ship  and  water. 


The  eqs.  (1),  (2),  (3)  and  (4)  can  now  be  written: 

= .1-H- ,457-sinwt  - .004254>-  .3254> 

- .l-H-.0383(siniot+90°).<fc 

+ . 325^3+. 2Q4y  (11) 


(12) 


d*> 

dt 


4- 


(13) 


The  term  2.04  [y]  of  eq.  (15)  appears  as  output 
from  potentiometer  No.  13,  the  voltage  of  which 
represents  the  moment  exited  by  the  translatoric 
movement  divided  by  the  total  moment  of  inertia  of 
ship  and  water. 

The  remaining  two  inputs  to  amplifier  No.  9 are 
wave  exited  moment  and  damping  moment,  which  do  not 
need  further  explanation. 


y = 2.22^+  . 1 • H*  1 . 75-  sin(uit-164°)  (14) 

Developing  an  electronic  model  with  the  same  dyna- 
mic qualities  as  the  math,  model,  another  transfor- 
mation is  necessary.  The  variables  in  eqs.  (11), 
(12),  (13)  and  (14)  express  physical  quantities 
as  heeling  angle,  heeling  velocity,  heeling 
acceleration  and  sway  acceleration. 

These  physical  variables  are  to  be  represented  by 
voltages,  and  therefore  it  is  necessary  to 
establish  an  electronic  scale  for  the  variables 
in  such  a way  that  maximum  values  do  not  exceed 
maximum  out-put  voltage  for  the  amplifiers. 


Scaling 


Phys. 
vars . 

Max 

value 

Seal. 

fact. 

Simul . 

vars. 

Unit 

$ 

-2 

rad.  s 

.5 

10 

[10*1 

lOV/rad  s'2 

$ 

rad.  s * 

1 

10 

[10  40 

lOV/rad  s 2 

4> 

rad 

1 

1 

[HO 

lV/rad 

y 

-2 

m s 

5 

1 

tiy] 

lV/m  s”2 

Using  the  variables  [l0$],  £l0  ^»)  , [l*]  , [l’y] 
eqs.  (5),  (6),  (7)  and  (8)  will  appear  as: 

[l04>]  - .l-H-4.57-sinio  t - .00425[l04>] 

- 3.52[l+]-.l-H-3.83-sin(lot+90°)- [14] 

+ 3.52[1  f]3  + 2.04[ly]  (15) 

^-[10*]  (16) 

= .l[l0f]  • (17) 

[ly]  = .222[l0f>  . l,H,1.75*sin(wt-164°)  (18) 


List  of  potentiometers  in  Simulator  Diagram 
(Figure  4) 


Potm.  No. 

1 

Value 

0 - 1 

Wave  amplitude 

2 

.457 

Coefficient  in  eq. 

(15) 

3 

.00425 

Coefficient  in  eq. 

(15) 

4 

.352 

Coefficient  in  eq. 

(15) 

5 

.383 

Coefficient  in  eq. 

(15) 

6 

0-1 

Wave  amplitude 

7 

0-1 

Wave  amplitude 

8 

.175 

Coefficient  in  eq. 

(18) 

9 

.352 

Coefficient  in  eq. 

(15) 

10 

.316 

Multiplier  constant 

( Yio) 

11 

.316 

Multiplier  constant 

( iio) 

12 

.1 

Coefficient  in  eq. 

(17) 

13 

.204 

Coefficient  in  eq. 

(15) 

14 

.222 

Coefficient  in  eq. 

(18) 

15 

- 

Driver  for  plotter 

16 

.1 

Amplitude  for  sinkjt 

17 

- 

VO 

18 

- 

UJ 

19 

- 

Delay 

20 

- 

Delay 

In  this  form  the  mathematical  model  can  be  trans- 
lated into  a simulator  diagram  using  ordinary 
symbols  for  simulator  elements. 

The  simulator  diagram  figure  4 is  divided  in  sec- 
tions according  to  eqs.  (15),  (16),  (17)  and  (18). 
The  main  process  is  executed  in  amplifier  No.  9, 
where  summing  of  the  right  hand  terms  of  eq.  (15) 
takes  place.  The  double  integration  of  (out 
put  from  ampl.  No.  9)  takes  place  in  amplifiers 
No.  1 and  2. 


The  term  of  eq.  (15): 

-3.52  fl«0  -lxHx3.83xsin(wt  + 90°)x 

is  formed  by  means  of  multiplier  No.  1,  potentio- 
meters No.  4,  5 and  6 and  amplifier  No.  3. 
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Fig.  1 : The  capsize  time  history  from  the  model  of 
the  "Edith  Terkol"  in  the  wsve  basin. 


Fig.  2 : The  individual  terms  for  the  roll  equation  of 
motion  referring  to  the  linear  case  before 
capsize. 
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Delay  - circuit 


Fig.  4:  The  complete  analog  computer  diagram  for  the  simulation 
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Fig.  8:  A usual  righting  moment  diagram  showing 
the  half  roll  to  the  right  of  the  encircled 
peak  in  figure  7. 


Fig.  9 : The  time  history  from  the  simulation  of  the 
behaviour  in  9 m high  waves. 


Fig.  10:  A usual  righting  moment  diagram  showing 
the  half  roll  to  the  right  of  the  encircled 
peak  In  figure  9. 
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THE  ROLES  OF  TRANSITION.  LAMINAR 
SEPARATION.  AND  TURBULENCE  STIMULATION  IN 
THE  ANALYSIS  OF  AXISYMMETRIC  BODY  DRAG 


JUSTIN  H.  McCarthy,  JOHN  L.  POWER,  and  THOMAS  T.  HUANG 

David  W.  Taylor  Naval  Ship  Research  and  Development  Center,  Bethesda,  Md.  20084  USA 


SYNOPSIS 

The  role  of  flow  transition  in  model  drag  analysis  is  quantitatively  investigated.  Transition  data  are 
aiven  for  four  submeraed  axisvmmetric  bodies  having  vastly  different  forebody  geometries  and  pressure 
distributions.  Good  correlation  is  obtained  between  measured  and  computed  locations  of  laminar  separation 
and  transition.  Drag  data  are  presented  for  each  model  with  and  without  a variety  of  turbulence  stimu- 
lators, and  a new  method  of  residual-drag  analysis  is  developed  which  correctly  accounts  for  the  extent 
of  laminar  flow.  It  is  concluded  that  the  traditional  method  of  analysis  underpredicts  residual  drag 
and  mispredicts  the  relative  residual  drags  of  models  having  different  forebodies. 


INTRODUCTION 


Because  ship  models  are  tested  in  towing  tanks  at 
Reynolds'  numbers  which  are  typically  two  orders  of 
magnitude  less  than  those  occurring  at. full  scale, 
laminar  flow  can  be  expected  to  persist  over  a 
significantly  greater  proportion  of  a smooth  model 
hull  than  the  prototype  hull.  In  order  that 
prototype  drag  be  correctly  assessed,  particularly 
when  evaluating  competing  forebodies  having  dif- 
ferent shapes,  it  is  essential  that  the  extent  of 
laminar  flow  be  determined  at  model  scale  and/or 
that  model  experiments  employ  turbulence  stimula- 
tors having  known  stimulation  capabilities  and 
known  parasitic  drags.  The  stimulation  problems 
posed  by  ship  models  have  been  recognized  for 
many  years,  and  numerous  important  aspects  of  the 
subject  have  appeared  in  the  Proceedings  of  the 
International  Towing  Tank  Conferences  since  the 
early  1930' s.  Parallel  developments  can  be  found 
in  the  aerodynamics  literature  over  the  same 
period  of  time. 

In  the  absence  of  heating,  the  location  and  nature 
of  transition  from  laminar  to  turbulent  flow  on  a 
body  are  a function  of  Reynolds'  number  (1),  body 
shape  (2), (3),  body  surface  roughness  (4),  ambient 
turbulence  levels  (5), (6),  and  possibly  other 
boundary-layer  perturbations  which  may  result  from 
vibration  or  acoustic  excitation.  Transition  is 
a flow  process  which  does  not  necessarily  occur 
along  a sharply  defined  line,  but  over  a surface 
region  in  which  boundary-layer  disturbances  having 
critical  frequencies  grow  to  create  flow  insta- 
bilities which  lead  to  turbulence.  From  a theo- 
retical standpoint,  for  every  body,  a "neutral - 
stability"  line  may  be  defined  downstream  of  which 
there  exist  critical -frequency  disturbances  whose 
amplitudes  grow  in  space.  Upstream  of  the 
"neutral -stability"  line,  all  small  disturbances 
are  damped  out.  The  critical  frequencies  and  the 
extent  of  the  transition  region  depend  on  body 
shape,  i.e.,  pressure  distribution  and  curvature, 
and  Reynolds'  number.  Physically,  transition 
is  usually  defined  to  take  place  (in  a local 
sense)  when  intermittent  turbulent  bursting  first 
occurs  in  the  boundary  layer. 


Two  tvDes  of  ship-model  transition  may  be  distin- 
guished, depending  upon  whether  or  not  laminar 
separation  occurs  prior  to  transition.  If  laminar 
separation  occurs,  either  as  a result  of  bodv 
shape  or  by  the  use  of  an  artificial  "turbulence" 
stimulator,  transition  from  laminar  flow  will 
usually  occur  immediately  downstream  of  the  sepa- 
rated flow  region,  which  is  of  very  small  extent 
provided  the  Reynolds'  number  is  sufficiently 
large  (6), (7).  For  a flat  plate  tested  with  a 
variety  of  turbulence  stimulators,  Gatzer  (8)  re- 
ports a difference  Reynolds'  number,  based  on  dis- 
tance between  turbulence  stimulator  location  and 
measured  transition  location,  of  about  10**.  For 
large  ship  models  tested  at  Reynolds'  numbers  of 
107,  the  corresponding  extent  of  the  transition 
region  is  only  0.1  percent  of  the  model's  length. 
When  laminar  separation  is  not  present,  the  transi- 
tion process  will  usually  take  place  over  a larger 
region,  whose  inception  distance  aft  of  the  forward 
perpendicular  and  whose  extent  usually  increases 
with  decreasing  model  Reynolds'  number  (9).  Thus, 
at  full  scale,  the  transition  process  will  occur 
over  a proportionately  much  shorter  distance  and 
much  closer  to  the  forward  perpendicular  than  at 
model  scale,  in  the  absence  of  laminar  separation. 

In  the  towing-tank  investigation  reported  here, 
only  the  effects  on  laminar  separation,  transition 
and  drag,  of  Reynolds'  number,  forebody  shape,  and 
local  roughness,  i.e.,  turbulence  stimulators,  were 
examined  for  four  submerged  bodies  of  revolution. 
Previous,  unpublished,  work  in  the  David  W.  Taylor 
Naval  Ship  Research  and  Development  Center 
(DTNSRDC)  towing  tanks  indicates  that  for  large 
models,  and  reasonable  waiting  times  between  runs, 
ambient  turbulence,  carriage  vibration,  and  acou- 
stic noise  do  not  have  a measurable  effect  on  model 
transition.  The  negligible  effect  of  towing-tank 
ambient  turbulence  on  large-model  transition  is 
also  reported  by  Prischemikhin  and  Poostoshny  (10). 
The  earliest  known  towing-tank  work  which  clearly 
shows  the  importance  of  turbulence  stimulation  for 
a submerged  body  of  revolution  was  reported  by 
Amtsberg  in  1937  (11).  In  this  work,  model  drag 
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data  are  given  for  the  bare  hull  with  and  without 
wire  trips  of  0.2,  0.5,  0.8,  and  1.0  mm  diameter 
located  at  5-percent  of  the  model  length  aft  of 
the  forward  perpendicular.  For  length  Reynolds' 
numbers  of  up  to  7 x 1 06 , all  trip  wires  larger 
than  0.2  mm  resulted  in  model  drags  at  least  20- 
percent  greater  than  the  smooth  hull  drag. 

The  principal  alms  of  the  work  reported  here  are 
(1)  to  determine  from  hot-film  data  the  nature  and 
extent  of  laminar  flow  and  transitional  flow  on 
smooth  body-of-revolution  models;  (2)  to  explore 
the  efficacy  of  various  types  and  locations  of 
turbulence  stimulators  for  artificially  tripping 
transition  to  turbulent  flow;  and  (3)  to  assess 
the  effect  of  stimulation  technique  or  the  ab- 
sence thereof,  on  the  analysis  of  drag  data  to 
determine  residual  (form)  drag  coefficient.  Bod- 
ies of  revolution  were  chosen  for  this  investiga- 
tion because  of  their  geometric  simplicity  and  the 
availability  of  well -developed  theoretical  methods 
for  analyzing  axlsymmetrlc  boundary  layers.  How- 
ever, the  results  of  this  work  have  implications 
relative  to  the  problem  of  turbulence  stimulation 
on  large  surface-ship  models  if  one  considers  a 
surface  ship  in  terms  of  an  equivalent  body  of 
revolution  having  the  same  longitudinal  distribu- 
tion of  sectional  areas.  The  end  result  of  the 
paper  is  a "new"  method  for  analyzing  residual  drag. 

Notation 

Cp  ...  frictional  drag  coefficient,  DF/(l/2)pli0*S 
CFz(sxo)  •••  laminar  flow  frictional  drag  coef- 
ficient, Dpj/(l/2)pU02Sx 
CFt(SL-xn)  •••  turbulent  flow  frictional  drag 
coefficient,  Dpt/(l/2)pUQ2S,  Xo 
Cp  ...  pressure  coefficient,  (p-pg)/O/2)p0o" 

Cpp  ...  prismatic  coefficient  of  forebody,  fore- 
body volume/ir(D/2)2LE 

Or  ...  residual  drag  coefficient,  Ct-(Cf+  ACf) 

Cj  ...  total  drag  coefficient,  Dt/ ( T/2 )pU0*S 
aCd  ...  local  drag  coefficient  of  trip, 
AD/(l/2)puk2(k.2irr|<) 

aCj  ...  drag  coefficient  of  trip,  aDt/(1/2)pU02S 

D ...  maximum  diameter  of  body 

Df  ...  frictional  drag  of  body,  Dfj,  + DFt 

Dp,  ...  laminar  flow  frictional  drag  of  body 

DFt  •••  turbulent  flow  frictional  drag  of  body 

Dj  ...  total  drag  of  body 

aD  ...  local  drag  of  trip,  aDj  sec  ok 

aDt  ...  drag  of  trip 

A ...  spatial  amplification  ratio  of  disturbance 
k ...  roughness  or  trip  height 
L ...  overall  body  length 
Lp  ...  forebody  length  of  entrance 
Lm  ...  length  of  parallel  middle  body 
p ...  local  pressure  on  body  surface 
p0  ...  ambient  pressure 
r ...  local  body  radius  (offset) 
rk  ...  local  body  radius  at  trip  location 
Rd  ...  Reynolds'  number  based  on  diameter,  U0D/v 
Rk  ...  Reynolds  number  based  on  trip  height, 
ufcK/v 

Rl  ...  Reynolds'  number  based  on  total  length, 

U0L/v 

Rxo-xi  •••  Reynolds'  number  based  on  distance 
2 1 (xs-xi),  U0(*2-*l)/v 
Rex  •••  Reynolds  number  based  on  momentum 
thickness,  U0ex/v 
s ...  distance  along  body  meridian 
S ...  total  surface  area  of  body 
Sx2-xi  body  surface  area  between  X2  and  x1 
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U ...  potential  flow  velocity  on  body  surface 
U0  . . . body  speed 

uk  ...  velocity  at  distance  k from  body  surface 
x ...  axial  distance  from  leading  edge  of  body 
x*  ...  axial  extent  of  laminar  flow 
x0  ...  virtual  origin  of  turbulence 
a ...  angle  between  x-axIs  and  tangent  to  body 
meridian 

ak  ...  value  of  a at  trip  location 
6 ...  ratio,  (Rx*-x0/Ri )/(Sx*  -x0/S) 

5*  ...  boundary-layer  displacement  thickness 
e ...  boundary  layer  momentum  thickness 
X ...  pressure-gradient  parameter,  (e2/v)dU/ds 
v ...  kinematic  viscosity 
p ...  mass  density  of  fluid 
r ...  surface  shear  stress 
u ...  frequency  of  disturbance 
“N.S.  •••  frequency  of  disturbance  at  neutral 
stability 


BODY  OF  REVOLUTION  MODELS 

Following  an  extensive  computer  evaluation-of  the 
flow  characteristics  of  bodies  of  revolution,  four 
axlsymmetric  forebodies,  having  bow-entrance 
length/diameter  ratios  (Le/D ) of  0.5, 1.0,  1.82, 
and  3.0,  were  selected  for  experimental  investiga- 
tion (Figure  1 and  Table  1).  Forebody  prismatic 
ratios  (CpE)  were  fixed  at  a constant  value  of 
0.667.  For  each  forebody,  the  total  hull  volume 
was  held  constant  bv  varying  the  length  of  paral- 
lel middle  body  (Lpi;  which  connected  each  fore- 
body to  an  existing  streamlined  afterbody  model, 
having  a maximum  diameter  (D)  of  slightly  more 
than  0.6  meters.  Total  model  lengths  (L)  varied 
between  6.7  and  7.3  meters,  with  the  bluntest 
model  (Lp/D  = 0.5)  having  about  2-percent  less 
wetted  surface  area  (S)  than  the  finest  model 
(LE/D  = 3.0). 

The  bluntest  forebody  (Le/D  = 0.5)  is  hemispheri- 
cal in  shape,  with  nondimensional  offsets, 
n « 2r/D,  given  in  terms  of  nondimensional  dis- 
tance 5 = x/Lp,  by: 

n2  . i-  (5-i)2 

The  offsets  of  the  three  remaining  forebodies  are 
described  In  terms  of  Granville's  family  of  poly- 
nomials (12)  by  the  expression 

r>2  = 0.833  R(c)  + 10  K-i (e)  + QU) 
where  R(e)  = 2?(€-l)4,  Kq  (e)  * y52(5-l)3. 

0(5)  = 1-  (5-1)4  (45  + 1). 

The  particular  choices  made  for  coefficients  in- 
sure that  Cpc  « 0.667,  and  that  the  slopes  and 
curvatures  of  the  forebody  profiles  are  continu- 
ous along  their  entire  lengths  including  at  their 
points  of  Intersection  with  the  parallel  middle 
body. 

The  distributions  of  pressure  coefficient,  Cp  * 
(p-Pq)/0/2)pU02,  on  the  four  forebodies,  calcu- 
lated by  the  Hess-Smith  potential -flow  computer 
program  for  an  unbounded  Incompressible  fluid  (13), 
are  shown  In  Figure  2.  As  could  be  expected,  the 
magnitudes  of  the  suction  peaks  and  the  subse- 
quent adverse  pressure  gradients  Increase  dra- 
matically with  increasing  forebody  fullness,  i.e., 
decreasing  Lp/D.  The  corresponding  distributions 
of  laminar  boundary-layer  pressure-gradient 
parameter,  \ ■ (e2/v)  (dU/ds),  are  shown  In 
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Figure  3.  Here,  U and  s are  respectively  the  po- 
tential flow  velocity  and  distance  along  a fore- 
body meridian,  v is  kinematic  viscosity  and  e Is 
the  momentum  thickness  of  the  axl symmetric  laminar 
boundary  layer,  which  was  computed  by  Granville's 
Integral  method  for  bodies  of  revolution  (14). 
Making  use  of  Curie  and  Skan's  modified  Thwaltes' 
criterion  for  laminar  separation  (15),  l.e. 

X ■ -0.09  at  separation,  the  two  fullest  fore- 
bodies having  Le/D  = 0.5  and  1.0  are  predicted  to 
have  laminar  separation  In  the  very  adverse 
pressure-gradient  regions  at  short  distances  aft 
of  their  minimum  pressure  troughs,  respectively 
at  locations  of  x/D  * 0.47  and  0.89  (Figure  3). 

The  two  finer  forebodies  having  Le/D  = 1.82  and 
3.0  are  not  predicted  to  have  laminar  separation. 

Each  forebody,  together  with  a portion  of  Its 
parallel  middle  body,  was  constructed  of  molded 
fiberglass;  specified  profile  tolerances  were 
held  to  less  than  -0.4  millimeters,  all  Imper- 
fections were  removed,  meridians  were  faired,  and 
the  fiberglass  was  polished  to  a 0.64  micron 
rms  surface  finish.  According  to  Feindt's  experi- 
mental data  (4),  uniform  sand-grain  roughness  of 
height  k,  with  flow  velocity  U at  the  edge  of  the 
boundary  layer,  will  not  prematurely  trip  transi- 
tion from  laminar  to  turbulent  flow  If  the  rough- 
ness Reynolds'  number  Rk‘  ” Uk/v  Is  less  than  120. 
Since  a 0.64  micron  rms  surface  finish  resulted 
In  values  of  Rk ‘ two  orders  of  magnitude  less 
than  120,  distributed  surface  roughness  should 
not  have  been  a factor  In  the  forebody  transition 
experiments  described  here. 


EXPERIMENTAL  TECHNIQUE 

For  each  forebody,  towing  tank  experiments  were 
conducted  from  Carriage  II  of  the  David  Taylor 
Model  Basin*  to  determine  model  drag  and  the  ex- 
tents of  the  larolnar-transltlonal-turbulent  flow 
regimes,  with  and  without  turbulence  trips  In- 
stalled. The  speed  range  covered  was  0.5  to  5.1 
meters/sec,  with  most  data  collected  at  1/4- 
meters/sec  Intervals  procedi ng  from  lower  to 
higher  speeds.  A wait  time  of  5 minutes  between 
runs  was  selected  because  no  effects  of  residual 
turbulence  from  preceding  runs  could  be  detected 
after  this  time.  For  each  model,  the  centerline 
submergence  depth  was  fixed  at  2.74  meters,  align- 
ed for  zero  pitch  and  zero  yaw  angle.  The  models 
were  ballasted  for  a slight  amount  of  negative 
buoyancy  with  zero  moment  at  the  towing  strut. 
Throughout  the  experiments,  water  temperatures 
were  monitored  so  that  accurate  values  of  kine- 
matic viscosity  could  be  determined. 

Total  drag  was  measured  by  the  standard  DTNSRDC 
block-gage-type  dynamometer,  mounted  Internal  to 
each  model  and  bolted  to  a single  streamlined 
strut,  located  at  roughly  amidships.  This  dyna- 
mometer has  an  accuracy  of  approximately  1 per- 
center at  Its  maximum  load  capability  of  55  kilo- 
grams. At  towing  speeds  above  about  3 meters/ 
sec,  each  model  began  to  exhibit  some  Froude- 
number  dependent,  surface  wave-making  drag.  Pre- 
vious work  has  shown  that  the  towlng-strut,  model 
Interference  drag  coefficient  Is  less  than  0.01  x 
10‘*  for  the  size  of  models  Investigated  here. 


* This  basin  Is  846  meters  long,  15.5  meters 
wide,  and  6.7  meters  deep. 


Since  this  interference  drag  Is  within  the  experi- 
mental accuracy  of  model  drag  data  reported  here, 
no  corrections  have  been  made  for  it. 

The  extents  of  the  laminar,  transitional,  and 
turbulent  flow  regimes,  and  the  stimulation  effec- 
tiveness of  turbulence  trips,  were  determined  In 
the  towing  tank  by  qualitative  analysis  of  the 
signals  from  seven  to  nine  constant- temperature 
hot  films  flush-mounted  on  each  forebody.  Selec- 
tion of  hot  film  locations,  listed  In  Table  1,  was 
assisted  by  calculation  of  transition  locations 
using  Granville's  method  (16)  and  the  Curle-Skan 
laminar-separation  criterion  (15)  shown  in  Fig- 
ure 3.  The  hot  film  probes  were  made  by  Ling- 
tronlcs  Laboratory.  The  active  elements  (platinum) 
were  approximately  1.6  millimeters  long,  fixed  to 
one  end  of  a pyrex  cylinder  12.7  millimeters  long 
and  2.4  millimeters  in  diameter.  The  cylinders 
were  carefully  mounted  in  pre-drilled  holes  in  the 
model  surfaces  and  held  in  place  with  rubber  cement. 
Any  ridge  between  the  model  surface  and  the  probes 
was  held  to  less  than  0.025  millimeters,  and  the 
holes  In  the  model  were  drilled  perpendicular  to 
the  surface  *0.50  degrees.  As  a further  precau- 
tion, each  probe  was  located  along  a different 
meridian  streamline,  to  avoid  possible  spurious 
signals  which  might  result  from  tripping  of  turbu- 
lence by  probes  located  at  successively  further 
forward  positions. 

Five  channels  of  Instrumentation  were  available 
and  Interchangeable  between  hot  films,  allowing 
the  five  most  significant  probes  to  be  activated 
during  a given  run.  Each  channel  consisted  of  an 
anemometer,  linearlzer,  oscilloscope,  and  attenu- 
ator. For  each  speed,  20-second  samples  of  hot- 
film  output  were  recorded  on  a tape  recorder.  The 
output  of  each  channel  was  kept  close  to  but  less 
than  the  1.4-volt  overload  capacity  of  the  record- 
er by  adjusting  the  overheat  ratios  of  the  films, 
the  linearlzer  amplifiers,  and  the  attenuators. 
Overheat  ratios  were  kept  between  1.035  and  1.050 
for  most  of  the  tests  but  for  some  of  the  low- 
speed  runs,  slightly  higher  ratios  were  needed. 

Since  these  adjustments  had  to  be  made  quickly, 
as  the  carriage  moved  down  the  basin,  no  record 
of  amplifications  or  overheat  ratios  could  be 
kept.  Thus,  the  Information  obtained  from  the 
hot  films  was  primarily  qualitative  and  was  used 
to  determine  the  nature  of  the  flow  at  the  hot- 
film  locations. 

As  shown  in  Figure  4,  analysis  of  the  hot-film 
output  signals  revealed  that  four  different  types 
of  boundary-layer  flow  could  be  distinguished: 

(1)  laminar  flow,  where  the  hot-film  signals  were 
of  steady  amplitude;  (2)  a smooth  wave-like  dis- 
turbance of  identifiable  frequency  content,  super- 
imposed on  a laminar  flow,  and  no  doubt  associated 
with  Tollmlen-Schllchtlng  waves  (17); (3)  an  Inter- 
mittent turbulent  bursting  flow  of  the  type  re- 
ported by  Schubauer  and  Klebanoff  (18),  preceded 
and  followed  In  time  by  periods  of  type  (2)  flow; 
and  (4)  a fully-turbulent  flow  of  random  nature. 
Under  fixed  test  conditions,  probe  outputs  indi- 
cated that  types  (2)  or  (3)  and  types  (3)  or  (4) 
could  alternatively  occur  on  repeat-run  tape-re- 
corded time-samples  of  the  signal  at  a given  probe 
location.  This  Is  no  doubt  a result  of  the  well- 
known  fickle  nature  of  the  flow  transition  pro- 
cess. 
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In  addition  to  the  towing-tank  work,  oil-film  ex- 
periments were  conducted  for  two  of  the  axi sym- 
metric bodies  (Models  4620-2  and  4620-3}  in 
DTNSRDC's  Anechoic  Wind  Tunnel.*  In  these  ex- 
periments supplemental  flow-visualization  informa- 
tion was  obtained  on  the  transition  process  and  on 
the  longitudinal  extent  of  the  laminar-separation 
region  on  Model  4620-2.  A thin  film  of  SAE-10 
oil  with  phosphorescent  additive**  was  painted  on 
each  forebody,  and  following  a constant  speed  run, 
photographs  were  taken  to  show  the  relative  wiping 
of  oil  from  the  model's  surface.  As  is  well- 
known,  separated  regions  are  characterized  by 
large  concentrations  of  oil,  and  turbulent  regions 
by  areas  which  are  wiped  clean  of  oil.  Transi- 
tion regions  are  characterized  by  a partial  wiping 
of  oil. 


TRANSITION  ON  THE  SMOOTH  FOREBODIES 

As  shown  in  Figure  5,  for  the  two  fullest  fore- 
bodies having  Lr/D  = 0.5  and  Le/D  = 1.0,  the  hot- 
film  signals  indicated  that  the  tjrbulent  flow 
existed  at  every  probe  location  downstream  of  the 
predicted  positions  (Figure  3)  of  laminar  separa- 
tion, over  the  entire  5.1  meter/sec  speed  range 
of  the  two  models.  Laminar  flow  occurred  at  all 
probes  forward  of  the  predicted  positions  of  lamin- 
ar separation  for  all  speeds,  and  the  intermed- 
iate type  (2)  or  type  (3)  flows  were  not  observed. 
Because  of  the  different  probe  locations  on  the 
two  forebodies,  it  is  seen  from  Figure  5 that  on 
one  model  (Lg/D  = 0.5)  turbulent  flow  existed 
immediately  aft  of  the  predicted  separation  lo- 
cation, and  on  the  other  model  (Le/D  = 1.0) 
laminar  flow  persisted  until  immediately  forward 
of  the  predicted  separation  location.  Wind- 
tunnel  oil-film  experiments  on  the  Le/D  = 1.0 
forebody  verified  the  predicted  location  of  lamin- 
ar separation  and  showed  that  the  length  of  the 
separation  bubble  was  about  12  millimeters,  or 
0.2  percent  of  the  total  body  length.  These  find- 
ings are  consistent  with  laminar  separation  data 
reported  by  Arakeri  (7)  for  axisymmetric  head 
forms.  Thus,  for  the  quite  high  Reynolds  num- 
bers, 3 x 106  <_  R(_  " U0L/v  <_  4 x 10',  covered  by 
the  present  experiments,  it  may  be  inferred  that 
laminar  separation  occurs  very  close  to  where  pre- 
dicted, and  that  the  extent  of  the  separated 
laminar  region  over  which  transition  from  laminar 
to  turbulent  flow  occurs  is  exceedingly  short. 

In  subsequent  analyses  of  drag,  the  locations  of 
transition,  x^,  will  be  taken  as  the  predicted 
separation  locations:  xj/L  = 0.044  for  the 
Le/D  * 0.5  forebody,  and  x*/L  = 0.082  for  the 
Le/D  * 1.0  forebody. 

The  measured  flow  regimes  on  the  two  finest  fore- 
bodies, Le/D  = 1.82  and  Le/D  = 3.0,  are  shown  on 
Figures  6 and  7.  For  the  fuller  forebody  (Fig- 
ure 6),  laminar  flow  appears  to  persist  until  lo- 
cations aft  of  the  minimum  pressure  point  over  the 
entire  Reynolds'  number  range.  For  the  finer 
forebody,  laminar  flow  appears  to  persist  to  a 
still  further-aft  hull  location  at  least  for 
values  of  Rd  under  about  2.5  x 106  (Figure  7); 
above  values  of  Rp  of  about  1.5  x 106  laminar 
flow  terminates  forward  of  the  finer  body's  mini- 
mum-pressure point.  For  these  two  models,  which 
do  not  have  laminar  separation,  the  figures  show 


* This  tunnel  has  a 2.4  meter  x 2.4  meter  rec- 
tangular test  section,  with  champhered  corners. 

**  Additive  FA-109,  American  Gas  and  Chemical, 
Co. 
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well-defined,  extended  transition  regions  in- 
volving measureable  intermediate-flows  consisting 
of  wave-like  disturbances  and  intermittent  turbu- 
lent bursting  prior  to  becoming  fully  turbulent. 

At  the  highest  Reynolds  numbers  at  which  the  two 
finest  models  were  tested,  transition  occurs  at 
about  9-percent  of  model  length  aft  of  the  forward 
perpendicular.  This  is  significantly  further  aft 
than  the  typical  5-percent  location  of  turbulence 
stimulators  normally  employed  on  ship  models. 

While  the  above  facts,  together  with  many  more 
facts  derivable  from  Figures  6 and  7,  can  be  dis- 
cussed and  rationalized  by  comparing  the  extents 
and  severities  of  the  favorable  and  adverse  pres- 
sure-gradient regions  of  the  two  models,  arguments 
are  soon  lost  in  a complex  sea  of  words.  Because 
of  the  resulting  confusion,  further  discussion 
will  be  confined  to  a comparison  of  the  data  with 
predictions  of  transition  calculated  by  (1)  the 
Smith-Gamberoni  method  (19) (20) , and  (2)  the 
Granville  method  (16): 

(1)  The  Smith-Gamberoni  method  applies  to  smooth, 
convex,  two-dimensional  or  (by  Mangier  transforma- 
tion) axisymmetric  bodies  in  low- turbulence  onset 
flows.  It  proceeds  from  a detailed  numerical 
solution  of  the  (linear)  Orr-Summerfeld  equation 
for  the  amplification  growth-rate  of  small,  two- 
dimensional,  Tollmein-Schlicting-type  disturbance 
waves  in  a laminar  boundary  layer.  When  the  ratio 
of  the  amplitude  of  a disturbance  at  some  frequency 
to  its  amplitude  at  the  neutral -stability  line 
exceeds  a certain  empirically-determined  value, 
transition  is  assumed  to  occur,  i.e.,  intermittent 
turbulent  bursting  will  beqin.  Smith  (20)  recom- 
mends a spatial  amplification  ratio  of  about  e9  to 
predict  the  location  of  transition  on  two-dimen- 
sional bodies. 

(2)  The  Granville  method  applies  to  axisymmetric 
bodies  and  starts  with  a theoretically-calculated 
neutral -stabi 1 ity  line.  Prediction  of  the  loca- 
tion of  transition  downstream  of  this  line  is 
based  on  a simple  empirical  correlation  of  the 
calculated  differences  between  the  momentum-thick- 
ness  Reynolds'  numbers  at  the  neutral  stability 
and  the  measured  transition  locations,  with  the 
local  profile  slope  of  the  body  at  transition. 

The  experimental  data  used  in  arriving  at  a 
correlation  line  for  low-turbulence  onset  flows 
are  limited  to  axisymmetric  bodies  without  paral- 
lel middle  body,  and  without  adverse  pressure 
gradients  on  their  forebodies. 

The  calculated  locations  of  the  neutral -stability 
curves  for  the  two  finest  forebodies  are  shown  in 
Figures  6 and  7;  they  lie  well  inside  of  the 
laminar  flow  regions  sensed  by  the  hot-film 
probes.  The  predicted  locations  of  transition 
according  to  Granville’s  correlation  line  for  low- 
turbulence  onset  flows,  together  with  three  Smith- 
Gamberoni  predictions,  corresponding  to  spatial 
ampliciation  ratios  of  e9,  e1*,  and  e13,  are  also 
shown  in  Figures  6 and  7.  For  both  forebodies, 
there  is  remarkably  excellent  agreement  between 
the  measured  inception  of  intermittent  turbulent 
bursting,  i.e.  transition,  and  the  e11  Smith- 
Gamberoni  amplification  curve.  The  e9  curve 
appears  to  coincide  most  closely  with  the  measured 
inception  of  type  (2)  wave-like  disturbances;  the 
e13  curve  correlates  very  well  with  the  measured 
inception  of  fully-turbulent  type  (4)  flow.  As 
could  have  been  expected,  the  Granville  transi- 
tion predictions  are  far  better  for  the  Le/D  = 3.0 
forebody  than  for  the  Le/D  = 1.82  forebody. 
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because  transition  at  values  of  Rq  above  about 
1.2  x 106  occurs  in  a favorable  pressure  gradient 
or  a weak  adverse  pressure-gradient  region  well 
forward  of  the  parallel  middle  body.  For  the 
Le/D  = 1.82  forebody,  the  prediction  is  poor  be- 
cause transition  takes  place  in  a distinctly  ad 
verse  pressure-gradient  region,  for  which  case 
the  Granville  correlation  does  not  apply. 

In  order  to  further  validate  the  inherent  reli- 
ability of  the  Smi th-Gamberoni  prediction 
method.  Figure  8 shows  a comparison  between  a 
narrow-band  analysis  of  the  frequency  distribu- 
tion of  measured  spectral  energy  at  one  hot  film 
location  and  the  calculated  values  of  amplifica- 
tion ratios  of  initial  disturbances  of  arbitrary 
frequency.  The  experimental  distributions  are 
iven  at  four  speeds,  as  sensed  by  Probe  6 
x/D  = 1.58)  on  the  Le/D  = 1.82  forebody.  The 
real-time  signals  from  this  probe  were  previously 
shown  in  Figure  4,  and  cover  a range  of  inter- 
mediate type  (2)  and  type  (3)  flow  regimes.  In 
Figure  8,  the  measured  spectral  densities  have 
been  normalized  with  respect  to  the  spectral  den- 
sity at  the  frequency  having  maximum  energy.  The 
calculated  energy  distributions  of  disturbance 
growth  are  plotted  in  terms  of  (A/A^,,)2  where  A 
is  the  predicted  spatial  amplification  ratio 
at  a given  disturbance  frequency.  The 
correlation  between  prediction  and  experiment  is 
excellent  for  the  speeds  shown  in  Figure  8,  and 
it  is  noted  that  there  is  a relatively  narrow 
frequency-bandwidth  for  the  critical  disturbances 
which  have  undergone  significant  amplification  at 
a given  speed.  Above  and  below  the  frequency 
ranges  shown  in  Figure  8,  both  experiment  and 
calculation  indicated  no  growth  of  disturbances. 

As  shown  in  Figure  9,  the  frequency  mAmax  the 
disturbance  which  is  most  amplified  increases 
linearly  with  speed.  Calculated  estimates  of 
the  critical  at  neutral  stability,  which 

are  also  shown  on  Figure  9,  are  roughly  four 
times  higher  than  the  frequencies  of  disturbances 
which  grow  significantly  immediately  prior  to 
transi tion. 

As  will  be  discussed  below,  ship-model  experi- 
menters typically  require  that  model  transition 
occur  at  least  as  far  forward  as  x/L  = 0.05  in 
order  to  be  able  to  make  meaningful  extrapola- 
tions of  model  drag  data  to  full-scale  drag  pre- 
dictions. For  the  bluntest  forebody  having 
Le/D  = 0.5,  this  requirement  is  met  over  the 
entire  speed  range  as  a result  of  laminar  separa- 
tion which  occurs  at  x/L  = 0.044.  For  the  next 
bluntest  forebody,  having  Le/D  = 1.0,  transition 
occurred  also  as  a result  of  laminar  separation, 
at  x/L  = 0.082.  To  move  transition  further  for- 
ward, within  the  5 meters/sec  model  speed  range, 
requires  the  use  of  turbulence  stimulators.  The 
same  is  true  of  the  L^/D  = 1.82  forebody,  and  it 
is  unlikely,  given  the  very  steep  slope  of  the 
e11  transition  curve  shown  in  Figure  6,  that  a 
reasonable  increase  in  model  speed  above  5 meters/ 
sec  would  shift  transition  to  a position  as  far 
forward  as  x/L  = 0.05.  In  the  case  of  the  finest 
forebody,  Le/D  = 3.0,  extrapolation  of  the  e11 
transition  curve  on  Figure  7 indicates  that  the 
transition  location  will  move  to  x/L  = 0.05  at  a 
model  speed  of  about  6.7  meters/sec. 


TURBULENCE  STIMULATOR  EVALUATION 

Three  types  of  turbulence  stimulators  commonly 


used  in  towing- tank  work  were  experimental ly 
evaluated  on  the  Le/D  * 1.82  forebody  model.  As 
listed  in  Table  2,  these  included  1 2 . 7-rmr  wide 
sand  strips  of  three  coarsenesses,  circular  wires 
of  three  diameters,  and  studs  having  a configura- 
tion recommended  by  Hughes  and  Allen  (3).  Dense- 
ly-packed strips  of  sand-grain  roughness  were 
achieved  by  sprinkling  sand  on  a circumferential 
strip  of  wet  varnish;  local  drops  of  epoxy  glue 
were  used  to  fasten  the  studs  and  wires  to  the 
model.  Drag  and  hot-film  measurements  were  made 
over  a 0. 8-5.1  meters/sec  speed  range  for  each 
stimulator  located  at  x/L = 0.05;  additional  runs 
were  made  for  the  wire  trips  located  further  for- 
ward at  x/L  = 0.02.  The  hot-film  locations  in 
the  region  of  the  trips  are  given  by  x/L  = 0.026, 
0.040,  and  0.055  (see  Table  1),  thus  insuring  a 
determination  of  the  flow  regimes  immediately 
downstream  of  the  trips. 

Except  for  the  finest  sand  strip  and  the  finest 
trip  wire,  the  hot-film  signals  indicated  the 
existence  of  fully- turbulent  flow  at  all  probe 
locations  downstream  of  the  turbulence  stimula- 
tors for  all  speeds  above  about  1.3  meters/sec. 

For  the  finest  sand  strip  and  the  finest  wire, 
speeds  in  excess  of  about  2.6  meters/sec  were  re- 
quired in  order  to  develop  fully-turbulent  flow 
at  all  probe  locations  downstream  of  the  trips. 

At  lower  speeds  type  (3)  intermittent  turbulent 
bursting  was  observed  at  the  probe  immediately 
downstream  of  these  trips. 

The  stimulation  ineffectiveness  of  the  finest 
grit  and  finest  wire  at  the  lower  speeds  can  be 
explained  by  reference  to  the  work  of  Preston  (21) 
on  wire  trips,  and  the  work  of  Braslow,  Hicks 
and  Harris  (22)  on  sand  strips.  Here,  stimulators 
are  characterized  by  a roughness  Reynolds'  number, 
Rk  = Ukk/v,  where  uk  is  the  local  boundary- layer 
velocity  at  stimulator  height  k.  In  both  works 
a critical  R|<  of  600  is  recommended  to  determine 
the  minimum-size  trip  necessary  to  cause  rapid 
transition  to  fully-turbulent  flow  without  in- 
curring significant  parasitic  trip  drag.  Pres- 
ton's recommendation  is  based  on  an  analysis  of 
experimental  data  obtained  by  Dutton  (23)  for 
wire  trips  placed  near  the  leading  edge  of  a 
flat  plate.  In  the  work  on  sand  strips  (22), 
which  were  tested  on  several  airplane  models  at 
subsonic  speeds,  it  was  found  that  Rk's  of  up 
to  about  1200  did  not  add  appreciable  parasitic 
drag,  and  furthermore  could  be  essential  to  trip 
transition  at  length  Reynolds'  number  (up  to  the 
trip  location)  of  less  than  about  105. 

Related  analyses  by  Tani  (24),  (25)  of  turbulence 
stimulation  data  indicate  that  a critical  Rk  of 
between  600  to  830  is  required  in  order  to  have 
transition  occur  very  close  to  either  two-  or 
three-dimensional  trips.  Tani  also  found  that 
increased  ambient  turbulence-levels  reduced  the 
critical  value  of  Rk.  In  the  special  case  of 
three-dimensional  trips  Braslow  (26)  has  conclud- 
ed that  body  pressure  gradient,  i.e.  a shape 
which  delays  natural  transition,  does  not  appear 
to  affect  the  critical  value  of  Rk-  For  two- 
dimensional  trips,  having  values  of  Rk  less  than 
600  body  shape  can  have  an  effect  on  turbulence 
stimulation  because  body  pressure  gradient  can 
control  the  growth  of  Tol lmien-Schl ichting  waves 
which  have  been  observed  by  Klebanoff  and  Tid- 
strom  (27)  downstream  of  wire  trips  placed  on  a 
flat  plate.  For  effective  three-dimensional 
trips,  turbulent  bursts  appear  in  the  wakes  of 
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the  3-D  roughnesses  with  no  opportunity  for  two- 
dimensional  stability  arguments  to  apply  (26). 
While  the  precise  value  of  the  critical  R|<  can  be 
expected  to  vary  somewhat  with  trip  geometry,  body 
shape  and  ambient  free-stream  turbulence  levels 
and  spectra,  a benchmark  value  of  600  is  probably 
adequate  in  most  cases. 

Table  2 lists  values  of  R|<  at  two  model  speeds 
for  all  of  the  stimulators  tested  on  the  L^/D  = 
1.82  forebody.  Values  of  U|<  for  determining  R|< 
were  obtained  from  Pohlhausen's  one-parameter 
family  of  velocity  profiles  (18),  using  laminar 
boundary-layer  parameters  calculated  by  the  method 
of  reference  (14).  As  seen  in  Table  2,  all  stimu- 
lators but  the  finest  grit  and  finest  wire  had 
Rlt's  greater  than  the  nominal  critical  value  of 
600;  this  correlates  well  with  the  hot-film 
measurements  which  indicated  fully-turbulent 
flow  downstream  of  the  trips.  At  model  speeds 
of  less  than  2 meters/sec  the  finest  grit  and 
finest  wire  had  R^'s  significantly  below  600; 
this  correlates  well  with  the  hoi-film  data  which 
indicated  intermittent  turbulent  bursting  down- 
stream of  these  trips  at  low  speeds. 

It  remains  now  to  evaluate  the  relative  para- 
sitic drags  of  the  various  turbulence  stimulators. 
Figures  10  through  13  show  plots  of  the  measured 
total  drag  coefficients,  Cj  = Dj/(l/2)pUo2S,  ver- 
sus Reynolds'  number,  Ri  = U0L/v,  for  the  Le/D  = 
1.82  forebody  model  with  and  without  the  three 
different  types  of  turbulence  stimulators  fitted. 
For  comparison  purposes,  the  Schoenherr  line  of 
frictional  resistance  coefficient,  Cf,  for  turbu- 
lent flow  over  flat  plates  (28),  is  also  shown  on 
all  of  these  figures.  The  Schoenherr  friction 
line  is  described  by  the  expression 

<^F  1o910  (RLCF)  - 0.242. 

For  R|_  < 24  x 106  the  smooth-hull  Cf  curve  falls 
below  the  Schoenherr  line  because  of  the  pre- 
viously-discussed extensive  region  of  laminar  flow 
on  the  forebody.  For  all  turbulence  stimulators 
but  the  finest  sand  strip  and  finest  wire,  the  Ct 
curves  lie  well  above  the  Cf  line  because  of  the 
increased  extent  of  turbulent  flow,  and  the  para- 
sitic drag  of  the  trips.  Below  a Reynolds'  num- 
ber of  about  18  x 1 06 , the  tripped  and  untripped 
Cy  curves  roughly  parallel  the  Cp  line,  except 
for  the  Finest  sand  and  wire  trips.  At  higher 
Reynolds'  numbers,  Froude-number-dependent  wave- 
making  resistance  causes  the  value  of  Cj  to  in- 
crease. The  above  drag  observations  are  consist- 
ent with  the  hot-film  measurements,  which  as 
previously  noted,  indicated  turbulent  flow  Imme- 
diately downstream  of  all  but  the  f.nest  sand  and 
wire  turbulence  stimulators. 

Figures  10  and  11,  which  show  Cj  curves  for  trip 
wires  located  at  x/L  values  of  5 and  2 percent, 
respectively.  Indicate  that  parasitic  drag  in- 
creases substantially  with  increasing  wire  thick- 
ness. At  the  2-percent  location  differences  be- 
tween the  Ct  curves  for  the  three  trip  wires  are 
not  so  great  as  at  the  5-percent  location  because 
the  wires  have  a smaller  circumference  and  the 
forebody  profile  slope  Is  larger  at  the  further 
forward  position.  Figure  12,  which  shows  Ft 
curves  for  sand  strips  located  at  an  x/L  location 
of  5 percent.  Indicates  that  the  Increase  in 
parasitic  drag  with  increasing  sand-grain  coarse- 
ness Is  not  as  great  as  for  a comparable  increase 
In  trip-wire  thickness.  The  smaller  spread  In 
sand  strip  drags  probably  results  from  their 


densely-packed  somewhat  three-dimensional  nature, 
as  opposed  to  the  two-dimensional  barrier  formed 
by  the  trip  wires. 

Finally,  Figure  13  shows,  for  comparison  purposes, 
the  Cj  curves  for  the  stud  trips,  the  medium- 
coarseness sand  strip,  and  the  0.610-mm  trip  wire, 
each  at  an  x/L  location  of  5 percent.  All  of 
these  trips  have  roughly  the  same  parasitic  drag, 
although  at  the  lower  Reynolds'  numbers  the  sand 
strip  and  studs  appear  to  give  slightly  less  drag 
than  the  wire  trip.  Thus,  for  these  three  par- 
ticular stimulator  geometries  and  heights  which 
are  commonly  used  in  ship-model  experiments,  no 
one  of  them  is  to  be  preferred  above  the  others 
from  a parasitic-drag  standpoint.  This  is  not  to 
say  that  the  parasitic  drag  of  any  of  these  trips 
could  not  be  reduced  by  selectively  reducing  their 
heights.  As  indicated  in  Table  2,  the  values  of 
R|<  for  each  of  these  trips  at  model  speeds  above 
2 meters/sec  are  at  least  twice  the  nominal  criti- 
cal Rfc  value  of  600;  thus,  some  reduction  In  trip 
heights  could  be  made  without  impairing  turbu- 
lence-stimulation effectiveness.  If,  from  a 
practical  viewpoint,  only  one  size  of  trip  can  be 
installed  for  turbulence  stimulation  over  a model's 
entire  speed  range,  then  the  lower  limit  on  trip 
height  will  be  determined  by  its  effectiveness  at 
the  lower  model  speeds.  At  higher  model  speeds, 
this  trip's  parasitic  drag  will  be  significant. 

For  more  than  two  decades,  it  has  been  recognized 
that  the  ideal  stimulator  should  incur  negligible 
parasitic  drag  and  should  trip  turbulence  as 
"naturally"  as  possible.  The  question  of  which 
type  of  stimulator  best  satisfies  the  ideal  has 
been  hotly  contested  for  as  many  years  with  dif- 
ferent laboratories  choosing  different  types  of 
stimulators  depending  on  their  unique  experiences. 
The  problem  of  the  ideal  stimulator  has  never 
really  been  resolved  and  will  not  be  resolved 
definitively  here. 

As  far  as  trip  drag  is  concerned,  it  is  evident 
from  the  preceding  discussion  that  all  of  the 
effective  stimulators  investigated  here  do  have 
measureable  parasitic  drags  which  must  be  account- 
ed for  when  analyzing  body  drag.  While  the  in- 
vestigations of  Tanl  (24),  Von  Doenhoff  and  Bras- 
low  (29),  and  Klebanoff,  Schubauer  and  Tidstrom 
(30)  all  indicate  that  two-dimensional  trips  are 
more  effective  in  stimulating  transition  than 
three-dimensional  trips,  a smaller-sized  two- 
dimensional  trip  will  result  in  about  the  same 
parasitic  drag  as  an  equally-effective  larger- 
sized  three-dimensional  trip.  The  latter  point 
concerning  parasitic  drag  is  Illustrated  by  com- 
parison of  total  model  drags  shown  in  Figure  13 
for  both  two-  and  three-dimensional  trips. 

As  far  as  the  "naturalness"  of  artificial  tripping 
of  transition  is  concerned,  the  early  flat-plate 
experiments  of  Klebanoff  and  Diehl  (31)  indicate, 
for  trip  Reynolds'  numbers  R|<  In  the  range  of 
1000  to  2000,  that  some  distance  Is  required 
downstream  of  both  two-dimensional  wire  trips  and 
three-dimensional  sand  paper  trips  before  the 
character  of  the  measured  mean  velocity  profiles 
and  spectra  of  longitudinal  velocity  fluctuations 
agree  with  data  obtained  for  untripped  boundary 
layers  which  have  undergone  natural  transition. 

For  this  range  of  Rk's,  similarity  velocity  pro- 
files were  achieved  In  less  distance  aft  of  the 
two-dimensional  trip  than  for  the  three-dimensional 
trip.  The  distance  required  for  the  turbulence 
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spectra  to  become  similar  was  about  the  same  for 
both  types  of  trips.  As  mentioned  earlier,  for 
R|<  < 600  two-dimensional  trios  do  give  rise  to 
Tollmein-Schlicting  waves  (28),  which  are  ob- 
served to  occur  during  natural  transition,  where- 
as three-dimensional  trips  have  not  been  observed 
to  produce  Tollmien-Schlichting  waves  (26).  For 
values  of  Rr  above  the  nominal  critical  value  of 
600,  when  transition  occurs  very  close  to  the 
trip,  the  presence  or  absence  of  Tollmein-Schlic- 
ting waves  Is  probably  not  relevent  to  the  choice 
of  turbulence  stimulator  for  model  drag  experi- 
ments. Thus,  for  R|<  > 600,  there  does  not  appear 
to  be  much  merit  in  choosing  one  type  of  trip  over 
another  from  the  standpoint  of  "naturalness"  of 
transition. 

Because  neither  twj-dimensional  or  three-dimen- 
sional trips  are  to  be  distinctly  preferred,  one 
over  the  other,  from  either  a parasitic  drag  or 
"naturalness"  of  transition  standpoint,  the  choice 
of  a two-dimensional  trip  wire  for  all  of  the  re- 
maining body-of-revolution  experiments  reported 
here  was  based  on  other  considerations.  The  rea- 
sons for  the  final  choice  of  a trip  wire  are  as 
follows: 

(1)  The  geometry  of  a trip  wire  is  precisely  de- 
fined and  fixed.  For  sand-grain  trips.  It  is 
difficult,  If  not  impossible,  to  reproduce  a given 
geometric  arrangement. 

(2)  Much  more  parasitic-drag  data  is  available 
for  wire  trips  than  for  other  types  of  turbulence 
stimulators.  This  is  an  Important  point  when 
assessing  the  various  components  of  model  drag. 

(3)  From  a practical  standpoint,  a trip  wire  is 
easier  to  Install  and  remove  from  a body-of- 
revolution  model  than  either  the  stud  or  sand- 
grain  type  turbulence  stimulators.  This  advan- 
tage for  the  trip  wire  would  apply  for  other  types 
of  two-dimensional  trips  not  Investigated  In  this 
study. 

The  0.610-mm  diameter  wire  trip  was  chosen  for 
all  of  the  remaining  experiments  because,  of  the 
three  wires  Investigated,  this  was  the  smallest 
wire  diameter  shown  to  stimulate  turbulence  over 
the  entire  speed  range  of  the  model.  While  a 
somewhat  smaller  diameter  probably  would  have  suf- 
ficed, experiments  were  not  conducted  to  deter- 
mine the  minimum  diameter  required. 

The  following  section  presents  the  method  develop- 
ed for  analyzing  experimental  data  to  determine 
body  drag  components. 


ANALYSIS  OF  DRAG  COMPONENTS 

The  total  resistance  coefficient,  Cj,  of  a smooth 
ship  model  may  be  divided  Into  three  components 
of  drag  coefficient: 

Cj  « Cp  + Cr  + aC-p  (1 ) 

where, 

Dt  Dp 

CT  s -(T/2)pV5  ‘ CF  S (WpV?  ’ 

AD, 

iCT  1 O/ZToUq^S  ' and  CR  5 CT  ‘ ^CF  + aCTJ* 
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Here,  Cp  is  the  frictional  drag  coefficient  result- 
ing from  viscous  shear  forces  applied  tangentially 
to  the  hull;  aCt  Is  the  coefficient  of  parasitic 
drag  of  a turbulence  stimulator;  and  Cr  is  the 
residual  drag  coefficient  resulting  from  normal 
pressure  forces  acting  on  the  hull.  Cr  may  be 
subdivided  :nto  components  arising  from  viscous 
effects  (viz  form  drag)  and  free-surface  effects 
(viz.  wave-making  drag).  For  deeply-submerged 
bodies,  or  bodies  operating  at  sufficiently  small 
Froude  numbers,  Cr  reduces  to  a coefficient  of 
form  drag.  Towing-strut  interference  drag,  which 
is  negligible  in  the  present  investigation,  can  be 
easily  introduced  into  (1)  when  it  is  important  to 
do  so. 

The  entire  purpose  of  conducting  model  resistance 
experiments  is  to  determine  Cr  from  measured 
values  of  Cj  and  given  empirical  information  on 
the  values  of  Cp  and  aCj.  Empirical  knowledge  of 
Cr  is  the  baseline  for  prediction  of  full-scale 
ship  resistance  from  model  experiments.  Starting 
with  Froude  in  about  1868,  it  has  been  tradi- 
tionally assumed  that  Cp  can  be  closely  approxi- 
mated by  the  frictional  resistance  of  an  equiva- 
lent flat  plate  operating  at  the  same  length 
Reynolds'  number  as  the  model  hull.  For  many 
years,  the  particular  semi -empirical  formulae 
which  have  been  used  for  calculating  Cp  have 
assumed  a fully-  turbulent,  flat-plate  boundary- 
layer  flow.  For  models  having  significant  extents 
of  laminar  flow,  these  formulae  will  overestimate 
the  value  of  Cp  and  lead  to  underestimates  of  the 
value  of  Cr. 

For  experiments  employing  turbulence  stimulators 
located  near  a model's  forward  perpendicular,  the 
diminution  of  frictional  drag  due  to  laminar  flow 
upstream  of  the  trip  has  generally  been  neglected 
in  determining  Cp.  As  for  the  determination  of 
aCt,  it  has  been  commonly  assumed  that  aCt  can  be 
closely  approximated  by  the  difference  between  the 
measured  values  of  model  C7,  with  and  without  a 
trip  installed,  at  the  highest  model  speeds  in- 
vestigated. In  order  for  this  method  to  be  valid, 
natural  transition  on  the  untripped  model  must 
occur  as  far  forward  as  on  the  tripped  model,  at 
the  highest  model  speeds.  The  present  work  has 
shown  that  this  requirement  is  not  generally  satis- 
fied. The  purpose  of  the  following  drag  analysis 
is  to  outline  a method  which  accounts  for  the  ex- 
tents of  laminar  flow  on  model  hulls  and  the 
effect  of  stimulation  drag  on  the  determination  of 
C-p  and  Cr.  The  problem  of  predicting  Cj  for  a 
full-scale  ship,  having  determined  a model's  Cr, 
will  not  be  addressed,  although  the  methodology 
developed  here  can  be  adapted  to  full-scale  re- 
sistance prediction  procedures  currently  In  use. 

For  analysis  purposes,  it  will  be  assumed  that 
only  two  types  of  flow  regimes  exist  on  a model 
hull:  laminar  (subscript  z)  and  turbulent  (sub- 
script t).  When  a significant  extent  of  transi- 
tional flow  exists  on  a hull,  the  longitudinal 
extent,  xj,,  of  the  laminar  flow  regime,  having 
wetted  area  Sx*.  will  be  assumed  to  terminate  at 
locations  where  intermittent  turbulent  bursting 
first  occurs.  When  an  effective  turbulence  stimu- 
lator is  fitted  to  the  model,  xj,  will  be  assumed 
to  coincide  with  the  trip  location.  For  a bare 
hull,  (i.e.  AD7  = 0)  the  cumulative  frictional 
drag,  Dp(x),  in  moving  aft  from  x ■ 0 will  be 
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continuous  at  x = x*.  When  the  boundary  layer  is 
tripped,  a local  jump  in  drag,  aDj,  occurs  at 
x = x*.  As  illustrated  in  Figure  14,  a virtual 
origin  x0  < xz  may  be  defined  for  the  turbulent 
flow  region,  such  that  the  sum  of  the  model's 
total  friction  drag.  Dp,  and  the  trip's  parasitic 
drag,  aDt,  is  given  by: 

Dp  + aDj  = Dpt(SL_X())  1 (2) 

here,  Dp*(S|__x0)  is  the  frictional  drag  due  to 
turbulent  flow  over  the  wetted  area,  S|_.Xo,  ex- 
tending from  the  virtual  origin  of  turbulence  at 
x = x0  to  the  after  end  of  the  model  at  x = L. 
Substitution  of  (2)  into  (1)  yields  a formula  for 
Cr  given  by:  s 

CR  = CT  - Cpt(SL.x0)  “4^  (3) 

where 


CFt(SL_x0)  = DFt(SL_x0)/(l/2)pUo2SL-x0 
is  the  coefficient  of  turbulent  frictional  drag  of 
the  model  over  the  wetted  area  Si__X(v  If  x0  can 
be  determined,  then  Cr  can  be  computed  from  meas- 
ured values  of  Ct  and  calculated  values  of  Cpt- 


To  determine  x0,  it  is  noted  (Figure  14)  that  at 
the  location  of  transition,  x^,  the  sum  of  the 
laminar  friction  drag,  DFa(Sxe.) > and  the  stimu- 
lator drag,  aDj,  should  equal  the  turbulent  fric- 
tional drag,  Dpt(Sxji-xo) » computed  over  the 
region  from  the  virtual  origin  of  turbulence,  xo, 
to  the  location  of  transition,  xj,.  Thus 

DFt(sxi-Xo)  = DFt(Sxt)  + a°T  , 
or,  in  coefficient  form, 

s s 

cFt(SXrx0)  • ^4^  = cF(Sx,)  • -Jr+  aCT.  (4) 

which  provides  an  expression  to  evaluate  x0, 
given  explicit  expressions  for  Cpt,  CFjl,  and  aCt. 


Now,  for  a body  of  revolution  in  axisymmetric 
flow,  the  frictional  drag,  Dp(SX2-xl).  over  a 
portion  of  wetted  area  SX2-xi  extending  from 
x = xi  to  x = X2,  is  given  by: 

rX2 

df(sx2-xi)  = 2tt  J r t dx,  (5) 

*1 

where  r = r(x)  is  the  body  radius  and  t = t(x)  is 
the  shear  stress  on  the  body  surface.  From  the 
momentum  equations  of  boundary- layer  theory  (17), 
for  either  laminar  or  turbulent  flow,  the  shear 
stress,  t , is  given  by: 

T=  p[  r"  3x"  (nd2®)  + ^ 37  4*  J cosa,  (6) 

where  e and  6*  are  respectively  the  boundary- 
layer  momentum  and  displacement  thicknesses,  and 
a * a(x)  is  the  angle  between  the  x-axis  and  a 
line  drawn  tangent  to  a meridian  of  the  axisym- 
metric body.  Substitution  of  (6)  into  (5),  and 
integration  by  parts,  yields: 

CF(SX2-xi)  ■ j r(^)2ecosaj 

xi 

*2  (?) 
- f r[e(S;,afc(c0Sa)'  ? fc(0^)2cosa]dx} 


where 

CF(Sx2-x1)  ^ DplSxg-x^/O/ZJpUo^-X!.. 


In  the  special  case  of  an  equivalent  flat  plate 
(i.e.  cosa  = 1 and  U = U0)  of  constant  width 
2irr  = SX2-xl/(x2-xi ),  equation  (7)  reduces  to 

/ , 2(6x2"exi)  2(ReX2"R0xi) 

cF(sx2-xi  = (x2-xT)  = Rx2-xi 


(8) 


where  Rex  = U0ex/v  and  Rxg-xl  = uo(x2‘xl)/v  are 
Reynolds'  numbers  respectively  based  on  momentum 
thickness  and  length. 


The  following  three  sections  will  respectively 
develop  methods  for  analyzing  a model's  turbulent 
flow  friction  drag,  a model's  laminar-flow  fric- 
tion drag,  and  the  parasitic  drag  of  wire  trips. 


Turbulent  Flow  Regions 


Following  traditional  practice,  and  in  order  to 
provide  a simple  basis  for  analysis,  the  frictional 
drag  arising  from  the  turbulent  flow  region  on  a 
model  will  be  considered  to  be  the  drag  due  to  the 
turbulent  flow  over  an  equivalent  flat  plate.  The 
leading  edge  of  the  equivalent  flat  plate  will  be 
located  at  the  virtual  origin  of  turbulence,  x0, 
on  the  model  hull.  Thus,  in  the  flat-plate 
approximation  for  the  turbulent  flow  region,  the 
turbulent  frictional  drag  coefficient  becomes  a 
function  of  Reynolds'  number  alone,  i.e. 

Cpt(Sx-x0)  = cFt(Rx-x0)-  Hence,  equations  (3)  and 
(4)  reduce  to  the  forms: 


CR  = CT  - 
and 

cFt(Rxjl-xo)  ‘ 
where 


cFt(RL-x0) 


(9) 

(10) 


8 = (rX£-Xo/rl)/(Sx£-xo/S). 

Making  use  of  equation  (8)  for  flat  plates  and  the 
fact  that  (Rex  )t  = 0,  we  have 

(Rex*-x0)t  ^R^-xoCFtttxt-x,,)  OD 

where  from  (10)  it  follows  that: 


(Rex  -x0)t  = £ rL  [cFl(SXl)  + aCt]  (12) 

The  particular  formulation  of  flat-plate  turbulent 
friction  drag  adopted  here  Is  the  Schoenherr  form- 
ula (28),  which  in  the  present  notation  is  given 
by: 


-*77^7  '°SlO  ■ °-2«  <'3> 

Substituting  for  Cpt  in  equation  (11)  yields 

Rxo  = V 34.151  (Re  xrxo)t[log102(RexiuXo>t]  04) 

where  (Rex«-x<Jt  9^ven  by  equation  (12).  For 

known  values  ofTF^  and  aCj,  equations  (14)  and 
(12)  are  the  expressions  to  be  used  to  determine 
the  location  of  the  virtual  origin  of  turbulence, 
x0,  whence  equation  (9)  can  be  solved  for  Cr 
using  the  Schoenherr  formulas.  In  practice,  a 
solution  of  x0  is  obtained  iteratively  where  the 
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first  iteration  assumes  6 = 1.0  in  equation  (12). 

It  should  be  noted  that  the  above  form  of  the 
Schoenherr  formula,  expression  (13),  which  takes 
into  account  a virtual  origin  of  turbulence,  was 
in  effect  proposed  by  Landweber  in  his  1953  paper 
on  the  frictional  resistance  of  flat  plates  (32). 
Although  approached  from  a somewhat  different 
point  of  view,  C in  Landweber' s paper,  which 
appears  as  a constant  of  integration,  can  be  con- 
sidered equivalent  to  the  RXo  defined  here.  A 
least  squares  fit  of  Landweber 's  tabulated  "theo- 
retical" values  of  Rex$-xo  and  (rxh"rxq)  f°r  tur_ 
bulent  flow  on  a flat  plate  yield  the  formula 

Rext-x0=  34.02  (RxrRXo)°-814,  05) 

which  is  accurate  to  within  *3  percent  for  the 
Reynolds'  number  range:  1.5  x 105  <_  (RX)>-RXo)  < 

2 x 107.  A form  of  this  equation  was  proposed  by 
Smith  and  Walker  (33)  and  used  by  Joubert  and 
Matheson  (34)  to  determine  the  locations  of  the 
virtual  origin  of  turbulence  from  measured  values 
of  Rex  on  a model  of  LUCY  ASHTON. 

The  Schoenherr  formula  is  employed  here  because, 
unlike  some  other  formulations,  it  may  be  theo- 
retically derived  from  the  well-established  over- 
lapping, inner  and  outer,  logarithmic  velocity- 
similarity  laws  for  turbulent  boundary  layers. 

The  "overlapping"  hypothesis,  and  hence  the 
Schoenherr  formula,  can  be  expected  to  be  valid 
(32)  for  naturally-occurring  turbulent  boundary 
layers  having  Reynolds'  numbers,  Rx,  nominally 
above  105.  In  cases  where  turbulence  is  a'rti- 
ficlally  tripped,  some  doubt  must  exist  about 
whether  the  Schoenherr  formula  applies,  as  assumed 
here,  in  the  region  not  far  downstream  of  the  trip. 
This  is  because,  as  mentioned  earlier,  Klebanoff 
and  Diehl  (31)  found  that  some  distance  was  re- 
quired downstream  of  trips  before  the  logarithmic 
velocity  similarity  laws  are  satisfied.  To  check 
this  point.  Figure  15  shows  a plot  of  measured 
values  of  Rex  downstream  of  selected  wire  and 
sand-grain  trips  Investigated  on  flat  plates  by 
Klebanoff  and  Diehl  (31)  and  Dutton  (23),  to- 
gether with  curves  of  Rex-Xo  computed  from  the 
Schoenherr  formula,  equation  (13),  and  the  Blasius 
formula  (17)  for  laminar  flow  over  a flat  plate. 

The  value  of  RXq  for  each  computed  Schoenherr 
curve  was  selected  to  give  the  best  fit  to  the 
data  for  each  type  of  trip;  the  values  of  Rxo 
correspond  to  the  values  of  Rx  at  the  points  of 
Intersection  of  the  Schoenerr  lines  with  the  line 
Rex  = 0. 

A number  of  conclusions  may  be  drawn  from  the  com- 
parisons shown  in  Figure  15.  First,  negative 
values  of  RXq  can  result  if  trips  are  located 
near  the  leading  edge  and/or  if  the  trips  have 
large  parasitic  drags.  Second,  from  an  engin- 
eering standpoint,  the  Schoenherr  formula  appears 
to  give  an  accurate  prediction  of  the  distribution 
of  Rex-Xo  as  a function  of  Rx  for  untripped  and 
tripped  boundary  layers,  except  in  the  case  of 
the  1.016-mm  diameter  wire.  For  this  trip  wire, 
having  the  greatest  diameter  of  the  wires  shown 
In  Figure  15,  the  slope  of  the  Rgx_x  curve  is 
steeper  than  the  Schoenherr  line  in  the  region 
Immediately  downstream  of  the  trip.  This  steeper 
slope  is  an  Indication  of  Increased  plate  shear 
stresses  In  the  transition  region  downstream  of 
the  wire,  when  compared  to  a fully-developed  tur- 
bulent flow.  Prlschemikhln  and  Poostoshny  (10), 
and  Joubert  and  Matheson  (34,35,36)  have  measured 
similar  Increases  in  shear  stresses  downstream 


of  ship-model  trip  wires  having  diameters  of 
about  1-mm.  The  former  work  shows,  however,  that 
the  effect  of  the  increased  shear  stress  on  drag 
decreases  with  increasing  values  of  RX£,  such  that 
when  RX£  > 6 x 1 05 , the  increase  in  drag  coef- 
ficient is  less  than  0.01  x 1 0” 3 , which  falls 
within  the  normal  bounds  of  experimental  error. 
Similarly  the  results  of  Dutton  (23)  plotted  in 
Figure  15  show  that  for  smal ler-diameter  trip 
wires  (0.33  mm  and  0.56  mm),  no  measurable  increase 
of  shear  stress,  over  that  for  a fully-turbulent 
boundary  layer,  occurs  downstream  of  the  stimula- 
tor locations.  Thus,  when  model  experiments  are 
conducted  at  high  Reynolds'  numbers  with  RX£  >_ 

6 x 105  or  employ  trip  wires  having  diameters 
less  than  about  0.6-mm,  it  can  be  argued  that,  to 
within  experimental  accuracy,  the  increased  shear 
stresses  in  the  transition  region  downstream  of 
the  trip  can  be  neglected  during  drag  analysis. 

Since  these  conditions  are  satisfied  for  the  major- 
ity of  the  experimental  data  presented  here,  it 
will  be  assumed  that  the  increased  shear  stresses 
have  a negligible  effect  on  the  present  drag-analy- 
sis procedure.  This  point  will  be  discussed  fur- 
ther in  subsequent  sections. 

When  a region  of  markedly-increased  shear  stress 
exists  over  a significant  distance  downstream  of 
a trip,  the  drag  analysis  method  presented  here 
(and  schematically  depicted  in  Figure  14)  will  not 
be  correct  unless  the  local  frictional  drag  increase 
is  accounted  for  in  some  way.  One  way  would  be  to 
lump  the  increase  in  as  a part  of  the  parasitic 
drag  of  the  trip.  In  an  entirely  experimental 
approach,  Joubert  and  Matheson  (34,35,36)  solve 
this  problem  by  determining  the  virtual  origin  of 
turbulence  from  a form  of  equation  (15)  using 
experimental  values  of  R0  obtained  some  distance 
downstream  of  a trip  where  fully-developed  turbu- 
lent flow  is  established.  Carrying  out  the  bound- 
ary-layer velocity  profiles  required  to  determine 
Re  is  a very  tedious  process,  which  hopefully  can 
be  avoided  when  conducting  most  model  drag  experi- 
ments. For  this  reason,  an  anlysis  method,  such 
as  the  one  presented  here,  can  be  of  value. 


Laminar  Flow  Region 

Two  representations  will  be  considered  here  for 
calculation  of  the  coefficient  of  drag,  Cp£(SX£), 
in  equation  (12),  of  the  laminar  flow  region.  In 
the  first  case,  the  Blasius  flat-plate  solution 
will  be  used  as  a simple  approximation.  In  the 
second  case,  Cf*.(SX£)  will  be  calculated  from 
boundary- layer  theory  for  ax’symmetric  bodies.  It 
will  be  shown  that  the  very  simple  Blasius  solution 
leads  to  a high-order  approximation  of  the  computed 
value  of  Cr,  and  is  thus  quite  adequate  for  analy- 
sis of  the  model  resistance  experiments  described 
here. 

In  the  flat-plate  approximation,  the  laminar  fric- 
tional drag  coefficient  becomes  a function  of 
Reynolds'  number  alone,  i.e.  CfrJSvj)  =CFi(RXJi). 
Making  use  of  Blasius'  solution  (17)  and  expression 
(8),  the  following  flat-plate  approximation  results: 

R9Xjf  -rcFt(Sxl)  “ 0.664  Rx,1/2  . (16) 

In  the  more  accurate  calculation  of  axisymmetric 
boundary  layers,  It  follows  from  equation  (7) 
that: 
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*X,  , . 

Rex, 5 ~y  CFfc(SXi) 


- I rf.e(So)2  fe(coso)  "rfet520050]  dX} 

0 

This  expression  for  Rex,,  which  Is  analogous  to 
the  Rgx,  expression  for  a flat  plate,  was  evaluat- 
ed numerically  using  Pohl hausen's  one-parameter 
family  of  velocity  profiles  and  laminar  boundary- 
layer  parameters  calculated  by  the  method  of  ref- 
erence (14). 

figure  16  shows  the  calculated  values  of  R9x  and 
Rex,  (equations  (16)  and  (17))  as  a function  of 
experimental  values  of  RX£,  the  length  Reynolds' 
number  at  transition,  for  the  equivalent  flat 
plate  and  axlsymmetric  laminar  boundary  layers  on 
the  four  bodies  tested  without  turbulence  trips 
Installed.  Similar  results  were  obtained  when 
the  calculations  were  performed  for  the  same 
models  fitted  with  turbulence  trips.  The  maximum 
deviation  of  KeXJl  from  Rex,  shown  In  Figure  17 
is  300,  and  occurs  on  Model  4620-3  at  a model 
length  Reynolds'  number,  RL,  of  about  3.8  x 107. 

For  R(_  = 3.8  x 107  the  Schoenherr  formula  gives 
a total  flat-plate  momentum-thickness  Reynolds' 
number  (R6|_)t  , of  about  45,000.  Since  (Rei  ) t 
a direct  measure  of  drag,  the  drag  error  Intro- 
duced by  use  of  the  flat-plate  approximation  for 
the  laminar  flow  region  should  be  less  than  0.7 
percent  (i.e.  300/45,000).  The  resulting  error 

in  the  value  of  residual  drag  coefficient,  Cr,  will 
be  less  than  0.017  x 10  , which  falls  within  the 
limits  of  overall  experimental  accuracy.  In  fact, 
direct  computations  using  the  flat  plate  (equa- 
tion (16))  and  body-of-revolutlon  (equation  (17) 
representations  resulted  In  Cr  differences  of  less 
than  0.01  x 10'3  for  the  four  models.  Thus,  for 
the  range  of  forebody  shapes  Investigated  here, 
the  flat-plate  approximation  can  be  adopted  In  the 
analysis  of  drag  data  when  R|_  Is  sufficiently 
large,  I.e.  when  the  magnitude  of  the  laminar- 
flow  drag  Is  much  less  than  the  magnitude  of  the 
turbulent-flow  drag.  Substitution  of  the  Blaslus 
solution,  formula  (16),  Into  equation  (12)  yields 

R r S 

(Rex,-x0>t  =B  r [1-328  R*;V2  + aCt]  (18) 

When  a turbulence  stimulator  Is  not  used,  aCy  = 0, 
and  (Rex.-Xo)t  reduces  to  a modified  Blaslus 
solution:  1 

In  the  case  of  forebodies  which  fall  outside  of 
the  range  of  shapes  Investigated  here,  where  one 
questions  the  validity  of  the  flat-plate  approxi- 
mation of  the  laminar  boundary-layer  region,  sub- 
stitution of  equation  (17)  into  equation  (l2) 
yields  the  more  accurate  expression: 

iWt^rjr  r(n^2  9C0Sa 
* J r[  9<n;)2  3x  (cos°)  ■ r 37(D^)2c0Sa]dx  +iCTj 

o 


H 


For  forebodies  which  are  blunter  than  a hemi- 
sphere, It  Is  recommended  that  equation  (19)  be 
used  Instead  of  equation  (18).  In  the  case  of 
surface  ship  models,  which  generally  have  bows 
considerably  finer  than  a hemisphere,  the  flat- 
plate  approximation,  equation  (18),  of  laminar 
flow  on  the  bow  should  be  quite  adequate. 


Parasitic  Drag  due  to  Wire  Trips  and  Laminar 
Separation 

In  general,  the  added  drag,  aDt,  In  the  direction 
of  the  free-stream  velocity,  due  to  two-dimen- 
sional turbulence  stimulators,  can  be  written  In 
the  form: 

&Dj  ■ aDcosak  - aLsInak  (20) 

Here  aD  is  the  net  added-force  on  the  trlp-plus- 
body  directed  tangent  to  the  body  meridian  at  the 
trip  location;  aL  Is  the  net  lift  force  on  the 
trip-plus-body  directed  normal  to  the  body  surface 
at  the  trip  location;  and  ak  Is  the  value  of  a 
at  the  trip  location  (Figure  17). 

Three  fundamental  assertions  will  be  made  concerning 
the  stimulator  experiments  reoorted  here. First, 
"overstimulation"  of  the  turbulence  does  not  occur, 
I.e.  the  trip  Is  not  so  large  as  to  cause  exces- 
sive thickening  of  the  boundary  layer  (when  com- 
pared to  naturally-excited  transition  to  turbu- 
lence) which  results  In  a more  sluggish  boundary 
layer  such  that  an  Increase  In  form  drag  occurs 
due  to  premature  flow  separation  on  the  stern. 
Second,  as  discussed  earlier,  It  will  be  assumed 
that  the  Increased  shear  stresses  In  the  transition 
region  Immediately  downstream  of  a trip  result  In 
a negligible  increase  of  frictional  drag,  when  com- 
pared to  the  frictional  drag  In  a fully-developed 
turbulent  boundary  layer.  It  follows  from  these 
two  assertions  that  aD  will  be  taken  to  be  asso- 
ciated with  the  parasitic  drag  of  the  trip  alone. 
The  third  fundamental  assertion  Is  that  the  lift 
force,  aL,  on  the  trlp-plus-bod.y  Is  zero.  If  the 
trip  were  on  a flat  plate,  the  trip  flow  could  be 
modeled  by  the  trip  together  with  Its  mirror  Image 
In  the  wall  of  the  flat  plate.  Symmetry  arguments 
show  that  the  net  lift  force  resulting  from  the 
steady  pressure  perturbation  on  the  trip-plus-plate 
Is  zero.  For  a curved  body  surface  with  a trip 
whose  size  is  very  small  compared  to  the  body  ra- 
dius, where  the  steady  pressure  perturbations  are 
confined  to  the  Immediate  neighborhood  of  the  trip, 
the  flat-plate  approximation  will  be  locally  valid, 
Indicating  that  aL  * 0 Is  a reasonable  approxima- 
tion. 

When  transition  occurs  as  a result  of  laminar 
separation,  the  same  three  assertions  as  made  In 
the  case  of  trip  wires  are  assumed  to  be  valid  In 
analyzing  the  present  experimental  data.  For  the 
relatively  high  Reynolds'  numbers  of  the  experi- 
ments, wind-tunnel  flow-visualization  observations 
on  the  Le/D  * 1.0  forebody  Indicated  a relatively 
short  separation  bubble  located  just  forward  of 
the  beginning  of  the  parallel-middle-body.  On  the 
basis  of  Caster's  (37)  Investigation  of  mean  pres- 
sure distributions  near  separation  bubbles,  one 
might  expect  a small  decrease  In  model  pressure 
drag  due  to  the  modified  pressure  distribution  In 
the  vicinity  of  the  short  laminar  separation 
bubbles  on  the  two  fuller  forebodies  (Le/D  ■ 0.5 
and  1.0).  While  extremely  high  unsteady  pressure 
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fluctuations  have  been  measured  by  Huang  and 
Hannan  (38)  In  the  transition  region  Immediately 
downstream  of  the  laminar  separation  bubble  on  the 
Le/D  * 1.0  forebody,  the  concurrent  Implied  In- 
crease In  local  shear  stress  will  exist  over  a 
relatively  short  extent  of  the  body  surface,  and 
tend  to  be  cancelled  by  the  reduction  In  local 
pressure  drag.  Thus,  In  the  absence  of  detailed 
measurements  of  steady  pressure  distributions  and 
velocity  profiles.  It  will  be  assumed  that  aD  ■ 
aL  « 0 when  laminar  separation  occurs  on  the  two 
fuller  forebodies  when  turbulence  trips  are  not 
fitted. 


(Re*i-  x0)t' 

2*9^  jrkcosak(o-^)2  ®Xj+(0-375)k(g^— )2 


(24) 


- J r[6^2  3T  (C0Sa)‘  |~3r  (jj^)2c0Sa]dxj' 

when  axlsymmetrlc  boundary-layer  theory  Is  used 
for  the  laminar-flow  region. 


From  the  foregoing,  the  parasitic  drag,  aDj,  of  a 
trip  will  be  simply  given  by: 

aDj  • aD  cosak  , (21) 

where  aD  Is  represented  In  terms  of  a trip  drag 
coefficient,  aCg,  by  the  formula 

aD  * aCo(£  puk  ) • (k  • 2wrk), 

or  u.  ? k • Z-nr. 

aCT  ■ aCo^r  • ( — j — *■)  • cosak  ; (22) 

here  uk  is  the  laminar  boundary- layer  velocity  at 
trip  height  k,  located  at  a station  having  body 
radius  rk  (Figure  17). 

On  the  basis  of  unpublished  experiments  by  Sacks 
(39),  Preston  (21)  recommends  a constant  value  of 
aCg  ■ 0.75  for  circular  wire  trips.  Other  experi- 
mental Investigations  of  wire-trip  drag  coeffi- 
cients, aCQ,  by  Allan  and  Hughes  (2),  Prlsche- 
mlkhln  and  Poostoshny  (10),  Tagorl  (40),  and  Koz- 
lov (41)  Indicate  that  aCq  Is  a function  of  trip- 
wire Reynolds'  number,  Rk  s ukk/v.  Because  of  the 
experimental  difficulties  encountered  In  making 
accurate  trip-wire  drag  measurements,  there  are 
considerable  differences  In  the  results  (and 
trends)  reported  by  the  several  Investigators.  In 
general  however,  for  values  of  Rk  In  the  range, 

500  < Rk  < 5000,  values  of  aCq  fall  In  the  range, 
0.4  < aCq  < 1.0,  where  Cq  decreases  with  Increas- 
ing Rk.  Kozlov  recommends  the  relationship  : 


aCq  * 2.6  R.-1/2  + 0.60,  thereby  setting  0.60  as 
the  mlnlmunrvalue  of  aCq.  In  the  present  work 
ACn  will  be  chosen  at  a constant  value  of  0.75, 
which  appears  to  represent  a reasonable  mean  value 
Inferred  from  available  data.  The  reasonableness 
of  this  value  of  aCq  for  analysis  of  the  model  drag 
data  and  the  reasonableness  of  the  fundamental 
assumptions  on  trip-plus-body  added  drag  will  be 
demonstrated  In  the  next  section. 


Substitution  of  expression  (22),  with  aCq  = 0.75, 
Into  (18)  or  (19)  yields  final  expressions  for 
(Rex4-x0)t  wtlen  trip  wires  are  employed: 


+ (0.75)-(J^)2.(^|^-)-cosak] 


(23) 


when  the  flat-plate  laminar  boundary-layer 
approximation  Is  used;  and 


Substitution  of  equations  (23)  or  (24)  Into  equa- 
tion (14)  yields  expressions  which  may  be  solved 
for  the  virtual  origin  of  turbulence  (l.e.  RXo) 
given  the  trip  location  (l.e.  Rx«),  geometric 
Information  on  the  body  (l.e.  L,  x*.  S,  Sx,,  r, 
and  a),  and  computed  values  of  the  laminar*' 
boundary-layer  velocities  (l.e.  uk,  Ux,,  e,  and 
4*).  The  value  of  the  residual  drag  coefficient, 
Cr,  may  then  be  computed  from  eguatlon  (9),  using 
the  Schoenherr  formula  for  CFt(RL-x0)  and  meas- 
ured values  of  the  total  drag  coefficient,  Cy.  A 
computer  code  was  written  for  solution  of  Cr  using 
the  above  equations,  and  data  analysis  can  be 
carried  out  either  during  towlng-tank  experiments 
on  a carriage-mounted  digital  computer,  or  on 
DTNSRDC's  large  digital  computer  following  comple- 
tion of  experiments. 


EXPERIMENTAL  RESIDUAL  DRAG  COEFFICIENTS  OF  MODELS 

Figure  18  shows  the  measured  values  of  Cj  for  all 
four  smooth  models,  without  turbulence  trips  fitted, 
together  with  the  Schoenherr  Cf  curve  for  fully- 
turbulent  flow  over  a flat  plate.  The  relative 
ordering  of  the  Cj  curves  may  be  largely  explained 
by  the  previously-discussed  relative  extents  of 
laminar  flow  on  each  forebody.  Plots  of  the  meas- 
ured values  of  Cj  with  turbulence  trips  fitted  to 
all  models  are  not  shown  because  they  give  no  new 
Information  beyond  what  has  already  been  gained 
from  Figures  10  through  13  for  the  Le/D  = 1.82 
forebody. 

The  analysis  method  summarized  In  the  final  para- 
graph of  the  last  section  was  used  to  compute  the 
residual  drag  coefficients,  Cr,  of  the  four  fore- 
bodies tested  both  with  and  without  a variety  of 
trip-wire  diameters  (0.254,  0.610,  and  1.016  mm) 
and  locations  (x^/L  = 1,2,3  and  5 percent).  Fig- 
ures 19a  through  19d  shown  the  values  of  Cr,  as  a 
function  of  model  Reynolds'  number  Ri_,  computed 
from  axlsymmetrlc  boundary-layer  theory  for  the 
laminar-flow  region  (equation  (24)).  Values  of  Cr 
were  also  computed  from  the  flat-plate  approxi- 
mation for  the  laminar-flow  region  (equation  (23)), 
but  are  not  presented  here  because  they  differed 
from  the  more  accurate  calculations  of  Cr  by  less 
than  0.01  x 10*3.  An  expanded  ordinate  scale  Is 
used  In  Figure  19  In  order  to  magnify  the  differ- 
ences In  values  of  Cr  determined  from  the  variety 
of  stimulator  sizes  and  locations  tested. 

Thedotted  curves  shown  In  Figures  19a  through  19d 
represent  faired  mean  values  of  Cr  obtained  from 
all  of  the  experiments  with  a given  model.  For 
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each  model  the  scatter  about  the  mean  values  of  Cr 
obtained  from  the  different  experiments,  with  and 
without  trips,  is  about  *0.J3  x 10~3,  which  is  in- 
dicated by  the  solid  lines  shown  in  the  figures.* 
For  each  model,  the  measurement  error  or  bias  in 
experimentally  determining  Cj  at  moderate  to  high 
model  speeds  is  on  the  order  of  1 one-percent; 
this  error  will  result  directly  in  the  observed 
scatter  of  about  ±0.03  x 10'3  in  values  of  Cr.  At 
lower  model  speeds,  where  the  percentage  error  in 
drag  measurements  can  be  expected  to  be  larger, 
the  scatter  of  Cr  values  will  be  somewhat  greater, 
as  can  be  seen  in  Figure  19.  No  consistent  pat- 
terns could  be  discerned  In  the  data  scatter  and 
it  may  be  concluded  that  the  scatter  is  primarily 
due  to  dynamometer  errors  involved  in  measuring 
the  total  drags  of  the  models.  Thus,  within  ex- 
perimental error,  the  good  correlation  of  the 
values  of  Cr  for  each  model,  with  and  without  a 
variety  of  turbulence  trip  sizes  and  locations,  is 
an  indication  of  the  correctness  and  reliability 
of  the  drag  analysis  procedure  used  here  to  analyze 
the  experimental  data.  It  is  concluded  that  for 
7-meter  axi symmetric  models  tested  at  Reynolds’ 
numbers,  R(_,  greater  than  about  8 x 106,  the  values 
of  Cr  may  be  determined  to  an  accuracy  of  to. 03  x 
10-3  using  either  of  the  two  drag  analysis  pro- 
cedures presented  here:  (a)  From  measurements  of 
the  total  drag  of  a smooth  hull,  when  the  location 
of  flow  transition  is  known  as  a function  of  speed, 
either  from  direct  measurement  of  transition  lo- 
cation or  by  theoretical  prediction;  or  (b)  From 
measurements  of  the  total  drag  of  a model  whose 
boundary  layer  is  tripped  Dy  a turbulence  stimu- 
lator having  calculable  parasitic  drag.  More 
accurate  determination  of  the  values  of  Cr  re- 
quires improved  dynamometry  and  detailed  data  on 
the  shear  stress  and  pressure  distributions  both 
in  a body's  transition  region  and  elsewhere.  The 
importance  of  properly  talcing  into  account  the 
virtual  origin  of  turbulence  when  analyzing  model 
drag  data  has  been  clearly  demonstrated. 

It  remains  now  to  compare  values  of  Cr  computed 
from  the  "new"  drag-analysis  method  with  the  values 
computed  from  the  "traditional"  method  of  analysis. 
As  discussed  earlier,  the  "traditional"  method  re- 
quires that  a model  be  tested  with  and  without  a 
turbulence  trip  (typically  located  at  x^/L  = 0.05) 
and  assumes  that  the  trip  drag  coefficient,  A Cj , 

Is  a constant  which  may  be  determined  from: 

*CT  = jcT ( tr 1 pped ) -CT ( smooth )] R^.-max , value 

The  value  of  CR  Is  then  determined  from  equa- 
tion (1),  making  use  of  the  measured  values  of  Cf 
with  a turbulence  trip  installed  on  the  model, 
the  above  value  of  ACf,  and  computed  equivalent 
flat-plate  values  of  Cp  which  assume  that  turbu- 
lent flow  exists  over  the  entire  surface  area  of 
the  model.  Table  3 lists  the  average  value  of 
Cr  for  each  model  as  computed  by  the  "new"  and 
"traditional"  methods  of  drag  analysis  for  values 
of  R|_  less  than  2 x 107;  at  higher  values  of  R(_ 

* The  very  careful  wind-tunnel  investigation  of 
double-models  of  LUCY  ASHTON  by  Joubert  and  Mathe- 
son  (34),  In  which  the  locations  of  the  virtual 
origin  of  turbulence  were  determined  directly  from 
detailed  velocity-profile  measurements  downstream 
of  a variety  of  stud  and  wire  trips,  indicate  a 
similar  spread  in  the  corrected  values  of  Cr. 


TABLE  3 

Comparison  of  Computed  Values  of  Cr  by 
Two  Methods 


CR  x 103  (RL  < 2 x 107) 


Model  Le/D 

"TRADITIONAL" 

METHOD 

"NEW" 

METHOD 

ACr 

0.5 

0.10 

0.25 

0.15 

1.0 

0.04 

0.24 

0.20 

1.82 

0.01 

0.20 

0.19 

3.0 

0.08 

0.20 

0.12 

significant  wave-making  resistance  is  encountered. 
Thus,  the  values  of  Cr  shown  in  Table  3 may  be 
interpreted  as  coefficients  of  form  drag. 

As  shown  in  Table  3 the  order  of  merit  of  the 
various  forebody  shapes,  in  terms  of  Cr  values, 
is  different  according  to  the  two  methods  of  drag 
analysis;  the  "new"  method  indicates  that  Cr  in- 
creases by  0.05  x 10"3  in  going  from  the  finest 
to  the  fullest  forebody  (Lp/0  = 3.0  to  Lp/D  = 0.5). 
A similar  result  was  found  by  Matheson  and  Jou- 
bert (36),  when  comparing  carefully-analyzed  ex- 
perimental drag  data  obtained  for  two  axisymmetric 
bodies,  one  having  a sharp  nose  and  the  other  hav- 
ing a blunter  nose.  The  reasons  for  the  change  in 
Cr  with  forebody  fullness  will  be  explored  in  the 
next  section. 

Table  3 also  shows  that  the  values  of  Cr  predicted 
by  the  "traditional"  analysis  method  are  up  to 
0.20  x 10-3  smaller  than  values  predicted  by  the 
"new"  method.  This  discrepancy  results  from  the 
failure  of  the  "traditional"  method  to  properly 
consider  the  laminar  flow  regimes  and  virtual 
origins  of  turbulence  on  the  various  models.  If 
the  classical  method  of  drag  extrapolation  is 
used,  where  Cr  is  assumed  to  be  the  same  at  model 
and  full  scale,  then  a significantly  smaller 
correlation  allowance  is  required  for  the  "new" 
method  than  for  the  "traditional"  method  in  order 
to  correlate  model  and  full-scale  powering  data. 
Thus,  if  the  "new"  model  drag-analysis  procedure 
were  adopted,  previously  reported  (42)  low  (or 
negative)  values  of  correlation  allowances  for 
full-form  ships  would  become  even  smaller,  sug- 
gesting that  the  model /full -scale  resistance 
scaling  problem  is  even  more  severe  than  previous- 
ly believed. 


THEORETICAL  COMPUTATION  Of  RESIDUAL  DRAG 

In  order  to  provide  an  independent  check  of  the 
values  of  Cr  determined  from  the  above  analysis 
of  experimental  data,  and  to  provide  an  explana- 
tion for  the  increase  in  Cr  with  Increasing  model- 
forebody  fullness,  theoretical  boundary-layer 
computations  were  made  for  the  four  axisymmetric 
bodies  (without  trips  fitted)  using  a modifica- 
tion of  the  differential  "CS"  method  of  Cebeci 
and  Smith  (43).  The  modified  method  was  used  to 
compute  the  viscous  shear  stress  and  pressure 
distributions  over  the  laminar  and  turbulent  flow 
regions  on  the  four  smooth  bodies,  each  at  a 
length  Reynolds'  number  of  1.8  x 107.  The 
experimentally  determined  location  of  transition 
was  used  as  the  boundary  between  the  laminar  and 
turbulent  flow  regions  for  each  body. 
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It  will  be  recalled  that  the  stern  was  the  same 
for  each  body;  this  stern  had  a streamlined  shape 
and  did  not  separate,  except  perhaps  at  a position 
of  less  than  one-percent  of  body  length  upstream 
of  the  after  perpendicular.  Because  the  "CS" 
computational  method  (or  any  other  available 
method)  does  not  properly  assess  the  effects  of 
the  very  thick  unseparated  turbulent  boundary 
layer  on  the  stern  and  the  near-wake  region  down- 
stream of  the  stern,  the  "CS"  method  was  altered 
according  to  the  following  simple  scheme  developed 
at  DTNSRDC  by  T.T.  Huang  and  H.T.  Wang.  A modi- 
fication was  required  because  the  details  of  the 
stern  boundary-layer/near-wake  region  have  the 
major  effect  on  stern  pressure  distribution  and 
form  drag.  In  the  modification,  the  hull  bound- 
ary-layer  calculations  are  assumed  accurate  only 
up  to  about  95-percent  of  the  body's  length;  far- 
field  wake  characteristics,  which  depend  on  total 
body  drag,  are  marched  upstream  to  about  5-percent 
of  body  length  downstream  of  the  body.  A quintic 
polynomial  is  then  used  to  represent  the  dis- 
placement thickness  in  the  stern/near-wake  region, 
0.95  <_  x/L  < 1.05,  and  the  unknown  constants  in 
the  polynomial  are  determined  by  requiring  that 
the  displacement  thickness  and  its  slope  and 
curvature  be  equal  to  those  calculated  at  x/L  = 
0.95  and  1.05  respectively  by  turbulent  boundary- 
layer  theory  and  turbulent  wake  theory.  The  final 
viscous  stern  pressure  distribution  is  iteratively 
computed  starting  with  the  potential -flow  pressure 
distribution  and  an  estimated  body  drag.  Suc- 
cessive iterations  on  the  boundary-layer  and  wake 
displacement- thickness  distributions  indicate  con- 
vergence of  computed  stern  pressure  distributions 
and  body  drag.  Here,  the  viscous  pressure  dis- 
tribution corresponds  to  the  potential  flow  pres- 
sure distribution  computed  for  the  body  plus  its 
boundary-layer  and  wake  displacement  thicknesses. 
This  basic  approach,  which  has  shown  good  agree- 
ment between  computed  and  measured  model  pressure 
distributions  and  drags  for  a number  of  body 
shapes,  will  be  fully  reported  in  a separate 
publication. 

If  the  coefficient  of  pressure  (or  form)  drag, 

Cdp,  is  defined  by  the  expression, 

Dd 

CDp  5 )/ZpUo2S  • 

It  is  straightforward  to  show  that  it  may  be  com- 
puted from  the  integral: 

CD  = f • r -ACp  tana)d(^)  . (25) 

p Jo 


Here,  aC  is  a difference  pressure  coefficient 
defined  pby 


AC. 


(Cp)pot 


( CpKls 


(26) 


where  (Cp)pot  is  the  computed  potential -flow 
pressure  coefficient  distribution  on  a body  and 
(Cp)vls  Is  the  viscous-flow  pressure  coefficient 
distribution  computed  iteratively  by  the  method 
outlined  above.  A difference  pressure  distribu- 
tion is  used  in  the  calculations,  because  It  is 
numerically  very  difficult  to  achieve  the  theo- 
retically-required zero  contribution  to  pressure 
drag  from  the  computed  potential -flow  pressure 
distribution.  Since  the  computed  viscous-flow 
pressure  distribution  proceeds  from  calculation 
of  the  potential -flow  pressure  distribution,  any 


numerical  error  in  the  latter  will  be  directly 
reflected  in  the  former.  It  is  therefore  more 
accurate  to  define  a difference  pressure  distribu- 
tion, as  done  here,  in  order  to  obtain  the  com- 
puted viscous  pressure  drag.  The  computed  total 
drag  coefficient,  Cj',  is  given  by 

CT'  = CD  + CF'  , (27) 

P 

where  Cp1  is  the  coefficient  of  frictional  drag 
obtained  by  integration  of  shear  stresses  computed 
entirely  from  axisymmetric  boundary-layer  theory. 
The  computed  equivalent  residual-drag  coefficient, 
Cr’,  in  order  to  be  comparable  to  the  Cr  values 
determined  from  the  experimental  data,  must  be 
analyzed  using  the  flat-plate  approximation  for 
the  turbulent  flow  region  on  a given  body.  Thus, 
Cr'  is  given  by 

Cr'  = CT*  - CF  . (28) 

where  Cp  is  the  frictional  drag  coefficient  com- 
puted by  the  Schoenherr  flat-plate  approximation 
developed  for  the  "new"  method  described  earlier. 

Computations  of  Cgp,  Cj',  and  Cr'  were  performed 
for  the  four  smooth  models  at  a length  Reynolds' 
number  of  1.8  x 107,  making  use  of  equations  (25), 
(27)  and  (28).  The  computed  values  are  listed  in 
Table  4 along  with  values  of  Cr  determined  from 
the  experimental  data  by  the  "new"  analysis  method. 
Qualitatively  the  computed  values  of  Cr'  or  Co* 
agree  trendwise  with  the  values  of  Cr:  the  cal- 
culations verify  the  small  but  measureable  (and 
calculable)  increase  in  Cr  with  increasing  fore- 
body fullness.  The  discrepancy  between  the  com- 
puted values  of  Cop  and  Cr'  are  attributable  to 
the  differences  between  the  calculated  values  of 
frictional  drag  using  an  equivalent  flat  plate  and 
axisymmetric  boundary-layer  theory,  i.e.  0.08 
(Cp'-Cf) -103<  0.11 . If  the  1957  ITTC  correlation 
line  (44)  were  used  instead  of  the  Schoenherr  line 
when  computing  equivalent  flat-plate  frictional- 
drag  coefficients,  the  differences  between  Cp'  and 
Cp  would  be  roughly  halved,  thereby  resulting  in 
somewhat  better  agreement  between  the  computed 
values  of  Cqp  and  Cr'.  There  would,  however,  be 
no  better  agreement  between  Cr  and  Cr'. 


TABLE  4 

Comparison  of  Values  of  Cr  Determined  from 
Experimental  Data  by  the  "New"  Method 
and  from  Axisymmetric  Boundary-Layer  Theory 
at  RL  = 1.8  x 10’ 


Model 

CDpxl03 

Cp'xlO3 

Cr'xIO3 

CrxIO3 

Lp/D 

(eqn. (25)) 

(eqn. (27)) 

(eqn. (28)) 

(Table  3) 

0.5 

0.11 

2.78 

0.22 

0.25 

1.0 

0.08 

2.70 

0.18 

0.24 

1.82 

0.06 

2.56 

0.14 

0.20 

3.0 

0.05 

2.43 

0.13 

0.20 

In  order  to  help  explain  the  differences  between 
values  of  Cop  computed  for  each  of  the  bodies. 
Figure  20  shows  a plot  of  computed  values  of  the 
integrand  In  equation  (25)  as  a function  of  stern 
location.  At  further  forward  locations  the  com- 
puted values  of  aCp  were  essentially  zero;  in 
addition,  because  ^parallel  middle  body  existed  on 
each  model  over  the  majority  of  the  total  length, 
no  additional  pressure-drag  contributions  can 
result  from  pressures  applied  further  forward  on 
the  body  surface.  Figure  20  clearly  shows  that 
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the  computed  pressure  recovery  on  the  stern,  In 
the  region  0.90  <_  x/L  <_  0.98,  Is  reduced  as  fore- 
body fullness  Is  Increased.  The  net  result  for 
bodies  having  the  same  total  volume  and  stern 
shapes  Is  a computed  modest  Increase  In  pressure- 
drag  coefflclent.CDp,  with  Increasing  forebody 
fullness.  It  Is  evident  that  forebody  shape  has 
an  effect  on  the  potential -flow  pressure  distri- 
bution at  the  stern,  which  In  turn  has  a calcul- 
able effect  on  the  stern  boundary-layer  develop- 
ment and  viscous  pressure  distribution. 

To  conclude  this  section,  It  can  be  stated  that 
the  modest  Increase  In  Cr  with  Increasing  fore- 
body fullness, as  determined  from  the  experimental 
data  by  the  "new"  analysis  method,  Is  confirmed  by 
the  calculations  made  using  a "modified"  axl sym- 
metric boundary-layer  theory.  For  a specified 
volume,  selection  of  the  body  geometry  having 
minimum  total  drag  will  depend  on  counterbalanc- 
ing the  added  pressure-drag  against  the  reduced 
wetted  surface  and  frictional  drag  associated  with 
Increased  forebody  fullness.  Further,  It  Is  an 
understatement  to  assert  that  the  axlsymmetrlc 
boundary-layer  computation  method  very  briefly 
described  here  appears  to  be  extremely  promising. 


SUMMARY 

On  the  basis  of  the  experimental  data  and  theo- 
retical analyses  presented  here  for  four  large 
deeply-submerged  bodies  of  revolution  tested  at 
length  Reynolds'  numbers  of  up  to  4 x 107,  the 
following  conclusions  may  be  drawn: 

. The  occurrence  and  location  of  laminar  separa- 
tion Is  accurately  predicted  by  the  Curle-Skan 
modifled-Thwaltes  criterion,  and  the  extent  of  the 
separation  bubble  over  which  transition  from 
laminar  to  turbulent  flow  occurs  Is  very  short. 

. For  forebodies  which  do  not  exhibit  laminar 
separation,  the  location  of  natural  transition, 
where  Intermittent  turbulent  bursting  first  occurs, 
correlates  well  with  predictions  of  the  Smlth- 
Gamberonl  linear-stability  analysis  method  when 
the  amplitude  of  boundary-layer  disturbances  Is 
computed  to  be  a factor  of  e31  times  the  amplitude 
of  the  Initial  disturbance  assumed  at  the  neutral 
stability  location.  The  critical  frequencies  of 
the  most-amplified  disturbances  at  the  transition 
location,  which  are  about  a factor  of  four  lower 
than  the  critical  frequencies  at  the  neutral 
stability  location,  are  accurately  predicted  by 
the  Smlth-Gamberonl  method.  The  measured  locations 
of  the  Inception  of  Tollmlen-Schllchtlng  waves  and 
fully-developed  turbulence  respectively  correlate 
well  with  predicted  amplification  ratios  of  e9  and 
eis. 

. Transition  data  for  the  three  finest  forebodies 
without  turbulence  trips  fitted  Indicated  that 
transition  occurred  as  far  aft  as  8 to  10  percent 
of  body  length  at  the  highest  Reynolds'  numbers 
Investigated.  The  fullest  (hemispherical)  fore- 
body exhibited  laminar  separation  and  transition 
at  4.4  percent  of  body  length  over  the  entire 
Reynolds'  number  range  Investigated.  The  former 
results  Indicate  the  Incorrectness  of  the  "tradi- 
tional" method  of  drag  analysis  which  at  the  high- 
est Reynolds'  numbers  assumes  that  smooth-body 
transition  occurs  as  far  forward  as  the  typical 
5-percent  location  of  turbulence  stimulators. 


For  equal  turbulence-stimulation  effectiveness, 
experiments  conducted  with  trip  wires,  sand  strips, 
and  studs  Indicate  that  there  are  no  compelling 
reasons  to  choose  one  type  of  turbulence  stimu- 
lator over  another  from  the  standpoint  of  mini- 
mization of  stimulator  parasitic  drag  and/or  the 
"naturalness"  of  turbulence  stimulation.  In  the 
present  work,  trips  wires  were  selected  because 
they  have  precisely  defined  and  fixed  geometries, 
are  easy  to  Install  and  remove,  and  because  much 
more  parasitic-drag  data  are  available  for  trip 
wires  than  for  other  types  of  stimulators. 

. In  determining  the  residual  drag  of  a model 
from  measurements  of  total  drag,  It  Is  essential 
to  carefully  evaluate  the  extent  of  laminar  flow 
and/or  the  parasitic  drag  of  the  turbulence  stimu- 
lator employed.  A new  computational  method  has 
been  outlined  which  computes  the  equivalent  flat- 
plate  frictional  drag  of  a body  using  the  concept 
of  a virtual  origin  of  turbulence.  The  virtual 
origin  of  turbulence  Is  determined  from  calcula- 
tion of  the  laminar-flow  drag  of  the  body  upstream 
of  transition,  and  In  the  case  of  trip  wires, 
computation  of  their  parasitic  drags.  Within 
experimental  error,  the  good  correlation  of  the 
computed  values  of  residual  drag  coefficient  for 
each  model,  with  and  without  a variety  of  trip-wire 
sizes  and  locations,  Is  an  Indication  of  the  cor- 
rectness and  reliability  of  the  analysis  procedure. 

. When  compared  to  the  new  method  of  drag  analysis, 
the  traditional  method  of  drag  analysis  underpre- 
dicts residual  drag  coefficients  by  up  to  0.20  x 
10“3  and  mispredicts  the  relative  residual  drags  of 
the  four  models  Investigated.  Thus,  If  the  new 
method  were  adopted  for  drag  analysis,  previously 
reported  low  (or  negative)  values  of  correlation 
allowances  for  full -form  ships  would  become  even 
smaller,  suggesting  that  the  model/full-scale 
resistance  scaling  problem  Is  even  more  severe  than 
previously  believed. 

. The  new  method  for  analyzing  experimental  drag 
data  Indicates  that  for  a given  stern  and  total 
hull  volume,  an  Increase  In  forebody  fullness  re- 
sults In  a modest  Increase  In  residual-drag  coef- 
ficient. This  result  Is  confirmed  by  detailed  com- 
putations of  the  viscous  pressure  distributions  on 
all  four  bodies  using  a "modified"  axlsymmetrlc 
boundary-layer  theory.  The  computed  change  in 
pressure  drag  Is  the  result  of  changes  In  the  vis- 
cous pressure  distribution  near  the  stern  which  are 
a function  of  forebody  shape. 
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TABLE  1 


Hull  Particulars  for  Axisymmetric  Forebodies 
(CpE  = 0.667,  D = 0.624  m,  Volume  = 1.642  m3) 


Model 

r t 

4620-1 

4620-2 

4620-: 

le/d 

0.5 

1.0 

1.82 

Lm/O 

5.84 

5.50 

4.97 

L/D 

10.73 

10.89 

11.18 

S (m2) 

11.486 

11.508 

11.591 

Hot  Film  Locations 
(x/D) 

1 0.16 

0.29 

0.29 

2 

0.37 

0.45 

0.45 

3 

0.49 

0.61 

0.61 

4 

0.57 

0.86 

0.81 

5 

0.81 

0.98 

1.02 

6 

1.22 

1.42 

1.58 

7 

1.63 

2.04 

1.71 

8 

2.78 

2.94 

1.87 

9 

♦Probe 

located  aft  of  model  joint. 

Turbulence  Stimulators 

TABLE  2 

Evaluated  on  Model 

2.04 

4620-3,  Le/D  = 

Rk  = uk  K/v 


Turbulence  Stimulator 

Height,  k (mm) 

Locations,  x^/L 

Uo=2.05  meters/sec  U0=5 

Sand  Strips  (12.7  mm  wide) 

Fine  - (60  grit) 

0.305 

0.05 

360 

Medium  (20/  30  grit) 

0.660  < k < 1.092 

0.05 

1100  (min) 

Coarse 

1.600  < k < 3.175 

0.05 

5700  (min) 

Circular  Wires 

Small 

0.254 

0.02,  0.05 

270  (avg) 

Medium 

0.610 

0.02,  0.05 

1050  (avg) 

Large 

1.016 

0.02,  0.05 

2150  (avg) 

Circular  Studs 

(3.175  mm  dia) 

2.540 

(25.4  mm  spacing) 

0.05 

5700 

4620-4 

3.0 

4.17 

11.56 

11.738 


0.29 
0.47 
0.65 
1.26 
1 .59 
1.91 
2.24 
3.64* 


.14  meters/sec. 


1200 

3500  (min) 
9300  (min) 


800  (avg) 
3150  (avg) 
5500  (avg) 


14,300 
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Model  4620-1,  LE/D=  0 5 
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Model  4620-2,  LE/D=I  0 
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Fig.  5:  Measured  flow  regimes  on  smooth  fore- 
bodies with  LE/D  = 0.5  and  L /D  = 1.0  (o 
laminar  flow,  • turbulent  flow,<>  predicted 
laminar  separation). 


Fig.  6:  Measured  flow  regimes  on  smooth  LE/D  = 
1 .82  forebody. 


Fig.  7:  Measured  flow  regimes  on  smooth  LE/D  = 
3.0  forebody. 
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Spectral  Density  or  ( A/  Amax)' 


I!  *9 


Fig.  8:  Comparison  of  measured  critical  frequency  from  spectral  density  of  hot-film  shear  probe  at  X/D  - 
1.589  with  commuted  amplification  ratios  for  model  4620-3.  (LE/D  = 1.82)  at  four  speeds. 


Fig.  9:  Frequencies  of  maximum  energy  disturb- 
ances (A  max)  at  X/D  = 1 .589  and  at  Neutral 
stability  for  the'E/D  =1.82  forebody  as  a 
function  of  Reynolds  number. 
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1.016-  mm  Trip  Wire  T 
0.610-mm  TripWire  >Xfi/L  = 0.05 
0.254-mm  Trip  Wire  J 

Bare  Hull 
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1 1 1 1 

Iflfl 
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1 

Rl  X I0-6 

Fig.  10:  Measured  total  drag  coefficients  of  model  4620-3  with  trip  wires  fitted  at  X,/L  = 0.05. 


1.016-  mm  Trip  Wire  T 
0.610-mm  TripWire  >Xa/L  = 0.02 
0.254-mm  Trip  Wire  J 

Bore  Hull 


Sch^^rrz 


i i i i i i - 1 i i i i i i 


Rl  X 10  ’ 

Fig.  11 : Measured  total  drag  coefficients  of  model  4620-3  with  trip  wires  fitted  at  X/L  = 0.02. 
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o Bore  Plot# 

□ I OI6-  mm  Wire 
O • 16  Sand  Strip 

O 

button 

• 0.33-mmWire 
■ 0.56-mm  Wire 

♦ Gloeepoper  Strip 

— Bloeiut  Line,  Eqn.  (16) 

Schoenherr  Line,  Eqn.  U 3^ 


Fig.  14:  Idealized  sketch  of  body  frictional  drag 
distribution  with  a turbulence  trip. 
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Fig.  IS:  Distribution  of  momentum  thickness  Rey- 
nolds number  downstream  of  wira  and 
sand  trips  on  flat  plates  tested  in  wind 
tunnels. 


Eqn.  (17) 


— Blosius  Soln,  Eqn.  (16) 


<9  A "/: 


Fig.  16:  Comparison  between  values  of  laminar-flow  momentum  thickness  Reynolds  number  computed  from 
flat-plate  and  axisymmetric  boundary-layer  theories. 
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□ 0 61  mm  Wire 

d 0.254  mm  Wire 
d 1. 016mm  Wire 

A 0.61  mm  Wire  3. 

O 0.61mm  Wire 

6 0.254  mm  Wire  5% 

<>  1016mm  Wirt  9% 


VUNNIM 

***** 


L — ( L , + LM  ) 


Fig.  20:  Computed  nondimensional  viscous  pres- 
sure distributions  on  stern  for  the  four 
forebodies. 
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RANDOM  WAVE  GENERATION  FOR  RESEARCH 
ON  IMMERSED  MARINE  VEHICLES 


J H.  VAN  OORSCHOT  and  F.  KOOPMANS 
Delft  Hydraulics  Laboratory,  The  Netherlands 


Summary 

Facilities  for  the  generation  of  random  waves  have  been  installed  at  various  institutes.  For  the  motion-control  of  these  random  wave  generators  use  is 
made  of  either  an  actual  recording  of  a wave  motion,  or  a random  analogue  or  digital  signal.  Typical  features  of  both  systems  are  discussed,  and  some 
general  ideas  are  presented  on  possible  improvements  of  the  system. 

The  reproduction  of  natural  irregular  sea  waves  is  particularly  important  in  those  studies  where  the  non-linear  aspects  are  apparent.  This  is  shown  to  be 
the  case  in  motions  of  immersed  objects  at  anchor  and  of  vessels  berthed  against  a jetty,  where  the  non-linear  component  in  the  stochastic  wave 
excitation  leads  to  movements  and  forces  that  cannot  be  predicted  with  the  use  of  harmonic  excitation  only. 

Similarly  large  surge  motions  may  follow  from  the  grouping  and  breaking  of  irregular  waves  in  shallow  confined  waters,  due  to  the  generation  of  surf 
beat.  However,  also  in  studies  on  the  behaviour  of  floating  objects,  responding  linearly  to  the  wave  amplitude,  harmonic  wave  generation  may  create 
problems,  particularly  in  shallow  water  and  at  longer  wave  periods,  as  a result  of  the  generation  of  parasitic  waves. 


1 Introduction 

For  laboratory  research  on  maritime  structures  in  general,  use  has  to  be 
made  of  facilities  to  reproduce  waves.  For  some  studies  it  will  be 
sufficient  to  generate  waves  with  uniform  amplitude  and  uniform 
frequency  (monochromatic  waves).  This  will,  for  instance,  be  the  case  if 
(a)  the  behaviour  of  the  structure  in  one  individual  wave  has  to  be 
studied,  and  there  is  no  interaction  from  preceding  waves;  (b)  the  mean  total 
energy  of  the  wave  train  only  is  of  importance;  (c)  the  structure  responds 
linearly  to  the  waves.  Often,  however,  a more  complex  situation  exists  and  a 
less  schematized  reproduction  of  the  actual  (random)  sea  waves  is  required. 
The  possibilities  of  generating  waves  in  laboratory  facilities  have  been 
considerably  improved  in  recent  years.  Facilities  for  the  generation  of 
random  waves  have  now  been  installed  at  various  research  institutes. 

As  an  example,  the  system  set-up  of  the  random  wave  generators  in  use 
at  the  Delft  Hydraulics  Laboratory  will  be  discussed  hereafter.  This 
system  set-up  is  representative  of  most  of  the  random  wave  generators 
in  use  at  other  institutes.  In  addition  it  will  be  shown  that  in  research  on 
immersed  marine  vehicles  the  generation  of  random  waves  is  essential  on 
a number  of  occasions,  as  certain  phenomena  are  underestimated,  or  not 
observed  at  all,  if  regular  waves  are  used. 

2 Linear  model  to  describe  random  waves 

To  describe  the  natural  random  sea  waves,  use  is  often  made  of  a linear 
model,  in  which  the  wave  motion  is  supposed  to  be  composed  of  an 
infinite  number  of  infinitively  small  frequency  components,  all  at 
random  phase. 

It  “ an  cos( Wn  + *«)  (1) 

It  is  to  be  noted  that  the  term  linear  model  only  applies  to  the 
description  of  the  waves  and  has  nothing  to  do  with  the  response  of 
objects  to  the  waves,  which  still  can  be  decidedly  non-linear. 

The  various  components  in  (1)  have  phase  velocities  that  follow  from 
the  dispersion  relationship 


= >/(*/*„  tanh  krfl) 

(2) 

* “n/*n 

(3) 

Consequently  the  wave  pattern  changes  continuously  as  the  various 
components  proceed  with  different  velocity.  As  the  phase  differences 
<t>n  are  random  (uniform  distribution  between  0 and  2ff)  at  the  start, 
they  will  remain  random  at  any  instant  and  any  place.  It  then  follows 
that  it  is  not  necessary  and  even  impossible,  to  reproduce  the  exact 
profile  of  the  natural  sea  waves.  It  will  be  sufficient  to  reproduce  the 
wave  energy  spectrum.  If  this  spectrum  is  a continuous  function,  the 
values  of  rjf  will  follow  a Gaussian  distribution.  In  case  of  a narrow 
spectrum,  the  extreme  values  of  ti,  (amplitudes)  follow  a Rayleigh 


distribution. 

Statistical  analysis  of  sea  waves  at  completely  different  locations  and 
generation  conditions  gives  strong  support  to  the  hypothesis  that  the 
wave  motion  can  indeed  be  adequately  described  by  the  energy 
spectrum  only  (Ref.  1,  2,  and  3).  For  the  generation  of  waves  in  the 
laboratory  this  is  an  important  conclusion,  as  it  appears  to  justify 
the  use  of  an  analogue  signal,  with  the  same  energy  spectrum  as  the 
waves  to  be  reproduced,  as  signal  for  the  motion-control  of  the  wave 
generator. 

Caution  is  required  in  cases  of  apparent  non-linear  effects  in  the  wave 
motion  (breaking  waves,  waves  in  extremely  shallow  water,  etc.).  Here 
the  application  for  wave  generation  of  the  linear  wave  model  as 
described  might  no  longer  be  justified. 

3  Waves  generated  by  a mechanical  wave  generator 

The  generation  of  regular  waves  is  relatively  simple.  Although  a large 
variety  of  types  of  wave  generators  can  be  found,  most  of  them 
consist  in  principle  of  a fiat  rigid  plate,  driven  by  some  mechanical 
device.  The  movements  of  the  wave  board  will  preferably  be 
adapted  as  well  as  possible  to  the  horizontal  component  of  the 
orbital  velocity.  In  practice  this  will  not  be  achieved  completely,  for 
two  reasons: 

(a)  By  applying  a rigid  plate,  the  velocity-  reduces  linearly  with  depth, 
whereas  a decrease  according  to  a hyperbolic  function  is 
required. 

( b ) The  motion  is  generally  sinusoidal,  whereas  the  actual  variation  of 
the  horizontal  orbital  velocity  with  time  may  differ  from  a 
sinusoidal  one. 

Both  differences  (a)  and  (b)  give  rise  to  the  occurrence  of  parasitic 
waves  with  higher  frequencies,  which  will  in  part  damp  out  quickly, 
but  which  partly  are  persistent  and  interfere  with  the  basic  waves. 

The  most  important  parasitic  wave  has  a frequency  2f0>  where  /0  is 
the  frequency  of  the  basic  wave  motion,  and  is  called  the 
secondary  wave.  The  effect  mentioned  under  (a),  can  fairly  well  be 
minimized  by  letting  the  wave  board  oscillate  with  an  optimum 
ratio  between  translation  and  rotation.  This  ratio  depends  on  the 
wave  frequency  and  the  water  depth.  The  effect  mentioned  under 
(ft)  is  harder  to  avoid,  and  is  generally  the  main  source  of  the 
secondary  waves. 

As  opposed  to  the  coupled  second  harmonic  Stokes  waves  of  the 
trochoidal  wave  profile,  the  secondary  wave  is  a free  wave  that 
propagates  with  a velocity  that  follows  from  the  frequency  2A> . 
Consequently  the  basic  wave  (and  coupled  second  harmonic  Stokes 
component)  will  overtake  the  secondary  wave,  leading  to  a 
continuous  changing  picture  in  the  space  domain  (Fig.  2). 

The  amplitude  of  the  secondary  wave  to  be  expected  for  a 
sinusoidally  moving  wave  generator  can  be  expressed  as  a linear 
function  of  the  Ursell  parameter  (aL*/d3).  Secondary  waves  are 
insignificant  for  U < 10-15,  but  they  may  be  as  large  as  the  first 
harmonic  of  the  basic  wave  for  U * 80. 
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A considerable  reduction  of  the  secondary  waves  can  be  obtained,  if 
the  motion  of  the  wave  generator  is  composed  of  more  than  one 
frequency  component,  with  optimum  mutual  amplitude  ratios.  An 
example  of  this  is  presented  in  Fig.  3. 

In  case  of  random  wave  generation  the  situation  is  much  more 
favourable.  The  motion  of  the  wave  generator  follows  directly  from 
the  surface  motion  to  be  reproduced,  and  is  composed  of  an  infinite 
number  of  components  with  proper  mutual  amplitude  ratios.  If 
secondary  waves  still  do  occur,  the  input  spectrum  can  be  adapted 
accordingly,  as  there  is  in  fact  no  difference  between  energy 
components  contained  in  the  command  signal  and  those  from  free 
secondary  waves. 

4 Generation  of  motion  control  signal 
4. 1 Analogue  signal  generation 

As  explained  in  section  3,  the  wave  board  should  preferably  move 
with  a larger  amplitude  at  the  surface  than  at  the  bottom,  that  is, 
it  should  have  a combined  translation  and  rotation.  To  achieve  this, 
the  wave  board  can  be  driven  by  two  separate  hydraulic  actuators, 
each  actuator  being  controlled  by  a servo  system  (Fig.  1).  The 
surface  elevation  record  to  be  reproduced,  however,  has  to  be 
transferred  first  into  a command  signal  for  the  actuators,  i.e.,  the 
horizontal  movement  of  the  wave  board.  Such  a transfer  function  has 
been  calculated  by  Biesel  (Ref.  4)  for  monochromatic  waves.  The 
transfer  function  is  shown  in  Fig.  4,  and  presents  the  required  stroke 
of  the  wave  board  at  the  water  surface  and  near  the  bottom  as  a 
function  of  wave  height,  wave  period,  and  water  depth.  Though  the 
theory  of  Biesel  has  been  derived  for  monochromatic  waves  only,  test 
results  show  that  the  method  is  also  applicable  for  irregular  waves. 

In  the  system  in  use  at  the  DHL  this  transfer  function  has  been 
reproduced  with  a set  of  second-order  analogue  filters,  providing  the 
required  amplification  or  damping  for  translation  - and  rotation 
actuator  separately.  As  all  analogue  filters  have  a frequency  dependent 
phase  shift,  the  system  is  also  equipped  with  a phase  compensation 
network.  In  Fig.  5 a comparison  is  given  between  a spectrum  and  a 
statistical  wave  height  distribution  of  an  actual  North  Sea  wave  record, 
and  the  waves  reproduced  in  the  laboratory  applying  the  same  record 
as  input  signal. 

Obviously,  the  most  attractive  way  to  obtain  the  input  signal  is  to 
apply  an  actual  prototype  wave  recording.  However,  prototype  record- 
ings are  generally  only  rarely  available,  while  extreme  wave  conditions, 
important  for  testing  structures,  mostly  have  not  been  recorded  at  all. 
Even  if  prototype  recordings  are  available  the  question  remains  as  to 
what  extent  they  are  representative  for  the  local  conditions.  As  a 
consequence,  use  often  has  to  be  made  of  a simulated  record,  based 
oil  the  hypothesis  of  a linear  wave  model  as  discussed  in  section  2. 

In  the  latter  case,  a wave  record  can  be  simulated  by  using  a 
random-noise  generator,  the  random  noise  being  filU'H  by  a set  of 
analogue  second-order  filters.  As  both  the  resonance  frequency  and 
the  damping  of  these  filters  are  variable,  the  noise  can  be  transformed 
into  a signal  having  any  arbitrary  spectrum.  The  output  signal  of  the 
filter  unit  is  fed  into  the  transfer  network  in  the  same  way  as  in  the 
case  of  an  actual  prototype  record.  An  outline  of  this  system  is 
presented  in  Fig.  1. 

As  discussed  in  section  2,  the  number  of  components  composing 
the  random  signal  should  be  infinite,  in  order  to  obtain  a Gaussian 
process.  In  practice  every  record  of  a finite  length  has  a finite  number 
of  components  only,  so  the  wave  signal  may  be  approximated  by  a 
frequency  discrete  representation  of  the  wave  spectrum.  A noise 
generator  that  is  very  suited  for  this,  is  a binary  waveform  generator 
(Ref.  5).  This  type  of  noise  generator  has  n shift  registers.  If  the 
system  is  shifted  with  a frequency  F,  one  obtains  a line  spectrum 
with  equal  spaced  components  at  distance  F/ 2n  - 1 ),  see  Figs.  6 and 
7.  The  shape  of  the  spectrum  has  the  form 


so  the  energy  is  nearly  constant  for  small  values  of  f/F.  At  / = 0.45F* 
the  energy  is  -3  dB  and  at  f s F the  energy  F.(f)  - 0. 

The  sequence  will  be  repeated  after  2n  - 1 s,  and  the  time  series 
is  therefore  called  pseudo-random  noise.  For  a noise  generator  with 
20  shift  registers,  driven  with  a frequency  of  100  Hz  components 
at  a distance  of  104  Hz  are  obtained,  whereas  the  sequence  is  repeated 
after  104  s,  or  about  3 h. 

An  example  of  waves  reproduced  in  this  way  is  shown  in  Fig.  8, 
together  with  data  from  the  original  record  and  of  the  waves 
reproduced  applying  the  original  recording  directly  (punch-tape  input). 


4.2  Digital  signal  generation 

As  an  alternative  to  the  system  described  in  section  4.1,  it  is  also 
possible  to  generate  random  numbers  in  a computer.  If  these  random 
numbers  are  used  as  input  to  a digital  filter,  which  can  be  programmed 
in  the  same  computer,  the  random  signal  with  the  required  energy 
spectrum  is  obtained.  The  digital  filtering  can  be  obtained  by  the 
Inverse  Fourier  Transform  of  the  required  spectrum  (Ref.  6). 

As  the  waves  propagate  down  the  flume,  the  spectrum  tends  to 
change,  due  to  non-linear  transfer  of  energy  between  adjacent  bands 
of  frequency.  Description  of  this  phenomenon  in  terms  of  a simple 
multiplication  factor  is  not  possible.  Additionally  some  errors  may  be 
introduced  in  the  servo  dynamics  of  the  wave  generator  and  in  the 
transfer  of  wave  board  to  wave  height.  As  a result  the  wave  spectrum 
obtained  at  some  distance  from  the  wave  generator  may  differ  from 
the  input  spectrum,  in  spite  of  the  transfer  network  applied.  In 
practice  with  an  analogue  system  these  differences  are  compensated  by 
trial  and  error,  changing  the  setting  of  the  filters. 

By  using  digital  signal  generation,  with  Inverse  Fourier  Transform 
filtering,  an  automatic  correction  system  can  be  built  in  by  using  a 
differencing  algorithm,  which  compares  the  required  spectrum  with 
the  measured  spectrum  (Ref.  6).  In  this  way  the  often  time-consuming 
phase  of  selecting  the  proper  filter  setting,  prior  to  the  actual  model 
testing,  might  significantly  be  speeded  up. 

5 Application  of  random  waves  in  model  testing 

In  the  previous  sections,  the  possibilities  and  techniques  of  random  wave 
generation  have  been  discussed.  In  the  following  sections  some 
examples  of  laboratory  studies  will  be  discussed,  where  the  application 
of  random  waves  has  proved  to  be  indispensable  for  a proper 
reproduction  of  the  natural  phenomena. 

5. 1 Model  study  on  mooring  forces 

In  the  response  to  random  waves  of  floating  objects,  moored  or  at 
anchor,  two  modes  of  oscillation  can  be  observed,  viz.,  the  harmonic 
oscillations  and  the  subharmonic  oscillations. 

The  harmonic  motion,  with  periods  in  the  range  of  the  wave  periods, 
is  mostly  reasonably  well  linearly  related  to  the  wave  amplitude.  It 
can  therefore  generally  be  determined  with  sufficient  accuracy  by 
model  experiments  applying  monochromatic  waves,  or  by  computer 
simulation,  based  on  linear  wave  theory.  With  the  use  of  transfer 
functions  and  spectral  analysis  the  six  harmonic  motion  components 
can  subsequently  be  determined  for  irregular  waves  as  well. 

The  subharmonic  motion  is  a mode  of  oscillation  with  periods  much 
larger  than  the  range  of  wave  periods.  This  subharmonic  behaviour 
can  partly  be  caused  by  the  non-linear  and  asymmetric  elastic 
characteristics  of  mooring  lines  and  fenders.  Another  source  is  to  be 
found  in  the  slowly  varying  wave  drift  force.  Although  several 
possible  causes  for  the  slowly  varying  drift  force  can  be  assigned,  none 
of  them  is  capable  of  describing  correctly  the  mechanism  of  the 
excitation.  However,  the  tendency  has  been  observed  that  the  wave 
drift  force  is  about  proportional  to  the  square  of  the  wave  height.  As 
a consequence,  in  irregular  waves  the  drift  force  varies  in  time  with 
the  succession  of  high  and  low  waves.  The  period  of  this  variation  can 
be,  and  often  is,  in  the  range  of  the  natural  period  of  oscillation  of 
the  object  in  the  mooring  or  anchoring  system.  As  also  the  damping 
is  relatively  small  at  these  extremely  low  frequencies,  resonance  might 
occur,  and  the  subharmonic  motions  may  become  predominant,  in 
spite  of  the  fact  that  the  drift  force  in  itself  is  only  a second  order 
effect.  See  for  instance  Fig.  1 1 , where  the  forces  in  the  mooring 
system  of  a moored  vessel  have  been  presented,  together  with  the 
wave  motion,  and  the  subharmonics  appear  to  be  predominant. 

Although  in  special  conditions  superharmonics  (motions  with 
periods  smaller  than  the  wave  periods)  can  also  be  observed,  they  will 
not  be  further  discussed  here. 

Evidently  the  forces  in  the  mooring  or  anchoring  system  will 
reveal  the  same  type  of  subharmonic  behaviour  as  the  motions.  The 
impact  that  these  subharmonic  force  fluctuations  can  have  on  the 
design  forces  will  be  illustrated  with  the  use  of  some  results  of  an 
experimental  study,  carried  out  at  the  DHL,  on  a 270  000  dwt  ore 
carrier  moored  against  an  open  jetty  (Ref.  7). 

Model  set-up:  The  data  of  the  ship  were: 

V = 320000  m3 

/.oa  = 350  m 

ipp  = 330  m 

B = 55  m 

T = 20.5  m 

Tj,  = about  14  s 

J - 24  m 

Model  scale  ■ I to  100. 
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The  waves  applied  were  regular  and  irregular  long-crested  waves, 
generated  as  described  in  sections  3 and  4. 1 A variety  ol  wave 
conditions  has  been  applied.  The  mooring  system  used  is  shown  in 
Fig.  9,  depicting  a total  of  1 8 mooring  lines  and  6 fenders.  The  elastic 
characteristics  are  presented  in  Fig.  10,  and  are  essentially  half  linear. 

Tests  in  regular  waves:  In  regular  waves  a certain  offset  occurred  due  to 
the  drift  force.  In  many  cases  the  ropes  became  slack  and  the  contact 
between  ship  and  fenders  was  lost,  but  the  phenomena  remained 
purely  periodical  and  no  subharmonics  occurred. 

For  the  wave  heights  up  to  2.5  m that  were  used  the  relation 
between  the  harmonic  force  variations  and  the  wave  heights  was 
reasonably  linear,  and  so  in  Fig.  12  the  quotient  of  the  force  maximum 
minus  pretension  and  the  wave  height  has  been  plo.tted. 

The  forces  that  occurred  were  not  extreme.  For  beam  waves  they 
were  generally  higher  than  for  head  waves.  This  was  especially  the 
case  for  the  fender  forces.  The  poorly  damped  roll  resonance 
apparently  increases  the  forces  for  beam  waves  having  a period  of  14  s. 

Tests  in  irregular  waves:  For  irregular  waves  the  subharmonic  oscillations 
take  the  main  part  of  the  total  force,  see  FiR.  1 1 , which  holds  good 
for  head  waves.  As  a consequence,  the  statistical  distribution  of  forces 
that  should  be  about  a Rayleigh  distribution  for  a linear  system  shows 
progressively  increasing  forces  for  decreasing  percentages  of 
exceedance,  as  shown  in  Fig.  13.  To  obtain  a survey  as  to  how  forces 
varied  as  a function  of  wave  heiRht,  -period,  and  -direction  the 
statistical  distribution  of  each  signal  for  each  test  was  characterized 
by  the  one-percent  value,  viz.  the  value  that  is  exceeded  by  only 

1 per  cent  of  all  force  peaks  (Fa\%)- 

Comparison  of  test  results:  It  will  now  be  checked  whether  the  often 
applied  procedure  of  predicting  the  behaviour  of  a system  in  irregular 
waves  from  tests  in  regular  waves  leads  to  correct  answers. 

Although  the  restoring  forces  from  ropes  and  lenders  are  quite  non- 
linear, the  test  results  in  regular  waves  give  the  impression  that  up  to 
wave  heights  of  2.5  m the  system  behaves  as  a linear  system.  The 
force  fluctuations  were  quite  linear  with  wave  heights  and  no  force 
fluctuations  with  frequencies  differing  from  the  wave  frequency.  Thus 
it  could  be  assumed  that  for  an  irregular  wave  field  having  a 
significant  wave  height  of  Hs  = 1.25,  and  consequently  a maximum 
wave  height  smaller  than  2.5  m,  the  system  would  behave  in  a linear 
way  as  well. 

The  output  spectrum  of  a linear  system  having  a transfer  function 
Tnfi <*>)  from  an  input  wave  spectrum  S^oj)  is,  according  to  the 
spectral  analysis  theory: 

SfM'=[7't,f(w)I1'S>|(")  (5) 

For  waves  following  the  Rayleigh  distribution  (section  2),  the 
significant  wave  height  //s  = 4 \fm0  (m0  = total  area  of  the  wave 
energy  spectrum).  Similarly  for  the  force  Fa  it  follows  that  Fu~ 

2 yjM0  and  Fa\%  = 3.05  VA/0  (Mo  being  the  total  area  of  the  force 
spectrum).  So 

Fa  1%  = 0.76  I JUi'  H% 
v mo 

If  in  a simple  case  the  function  T^/r  is  more  or  less  constant  over  the 
spectrum  width,  and  the  value  of  T^y  in  the  spectrum  peak  is  taken, 
it  follows  that 

Fa\c,c  = 0-76  . — . H&  (6) 

Va 


After  this  the  maximum  force  is  obtained  by  adding  the  pretension. 

A few  of  these  calculations  for  Hs  = 1.25  m and  rp  = 18  s are  given  here 


head  waves 

beam  waves 

F\%V/) 

computed 

F\%«f) 

nieas. 

ratio 

F\%on 

computed 

F\%(lf) 

ineas. 

ratio 

mooring  lines: 
Fj  and  F^ 
F3  and  F4 
fenders: 

F7  and  Fg 

23.5 

23 

50-45 

25-22 

29-28 

90-85 

1.0 

1.24 

1.85 

23-27 

18-21 

90 

49-43 

20-24 

260  280 

1.84 

1.13 

3.0 

From  these  examples  it  appears  that  computations  on  the  basis  of 
test  results  on  regular  waves  may  greatly  underestimate  the  one- 
percent  forces:  a difference  of  as  much  as  a factor  of  2 or  3 may 


even  occur.  This  difference  may  indeed  be  even  greater  if  the  design 
load,  which  will  be  rather  the  0.01  -per  cent  than  the  one  per  cent 
value,  is  to  be  calculated.  This  is  due  to  the  fact  that  the  curves  for 
the  cumulative  frequency  distributions  in  the  small  percentage  range 
appear  to  be  steeper  than  those  of  the  Rayleigh  distribution  which 
should  be  assumed  for  the  linear  model  (see  Fig.  13). 

It  is  to  be  noted  that  the  ratios  given  in  the  Table  may  differ 
considerably  for  different  ships,  mooring  arrangements,  pretensions, 
etc. 

5.2  Ship  motions  due  to  harbour  basin  oscillations 

Harbour  basin  oscillations  may  easily  lead  to  large  forces  in  the 
mooring  system,  as  the  natural  oscillation  periods  of  the  moored 
vessels  can  be  in  the  range  of  the  oscillation  periods  of  the  basin. 
Harbour  basin  oscillations  may  be  caused  by  atmospheric  or 
seismic  conditions  (seiches  and  tsunamis),  they  may  also  be  initiated 
by  the  wind  waves,  as  will  be  explained  hereafter. 

Radiation  stress:  A phenomenon  associated  with  surface  waves  (but 
also  with  internal  waves,  electromagnetic-  or  acoustic  waves)  is  the 
radiation  stress.  By  definition  the  radiation  stress  is  the  excess  flux 
of  momentum  due  to  the  presence  of  the  waves  (Ref.  8).  The 
principal  component  of  the  radiation  stress  Sxx  (in  the  direction  of 
propagation  of  the  waves)  is 

Sxx  = J (/>  + - [ Pofc  (7) 

-z  -z 

Further  elaboration  shows  that 

sxx  = *(ij Ss  + 1/2)'0t  in  ShallOW  wa,er 


Sxx  = 3/2* 


(8) 


In  a system  of  wave  groups,  propagating  with  the  wave  group 
velocity  Cg,  Sxx  will  in  regions  of  high  energy  be  larger  than  in 
regions  oflow  energy.  From  the  equation  of  conservation  of  mass 
and  momentum,  it  follows  that 


pz  = - 


+ constant 


(9) 


or  with  Sxx  = 3/2  E * 3/4  pg  a2 


z ~ 3 ga2  + constant  (10) 

- 4 (gel  C|) 

So  the  effect  is,  that  water  is  expelled  from  under  the  regions  with 
high  energy,  towards  regions  with  low  energy  (Fig.  14). 

Consequently  a surging  motion  of  the  mean  water  level  develops, 
the  period  of  which  depends  on  the  group  formation  and  the  group 
velocity  of  the  wave  motion.  For  a harbour  basin  this  surging 
motion  outside  may  well  lead  to  harbour  oscillations,  if  the 
dimensions  of  the  basin  are  such  that  the  natural  oscillation 
period  or  periods  are  in  the  range  of  periods  of  the  external  surging 
motion. 

Harbour  resonance:  As  an  illustration  the  effect  of  the  grouping 
and  associated  surging  motion  will  be  discussed  for  an  existing 
harbour  at  the  Algerian  coast. 

The  harbour  layout  is  shown  in  Fig.  15.  For  this  harbour  a 
numerical  computation  has  been  carried  out  at  the  DHL,  to  determine 
the  response  of  the  basins  to  external  oscillations.  The  schematization 
of  the  harboui  for  the  computer  simulation  is  shown  in  Fig.  16,  and  a 
few  relevant  response  curves  (in  the  smaller  period  range)  in  Fig.  17. 

A position  of  the  ship  at  the  point  with  maximum  fluctuations  of 
the  slope  of  the  water  surface  (generally  the  nodal  point)  will  be 
most  adverse.  According  to  Fig.  17  strong  oscillations  (transversal 
oscillations)  with  a period  of  60  s.  can  occur  at  the  points  (T|  and  C2.  At 
this  period  of  60  s the  (transversal)  oscillations  at  the  points  Ej  and  E2 
are  insignificant,  so  for  the  berths  between  the  points  E2  and  C2  an 
amplification  factor  for  the  water  surface  inclination  of  about  6 can  be 
expected. 

Assuming  external  waves  with  T - 10  s.  and  a = 1 m and  a water 
depth  of  1 5 m,  z becomes  0. 106  m.  So  in  wave  groups  with 
0 <a<  1,  the  maximum  variation  of  z will  be  0.1  m.  However, 
the  grouping  will  be  random,  and  consequently  also  z.  The  energy 
within  the  frequency  band  of  the  resonance  peak  of  Fig.  1 7 is 
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estimated  to  be  in  the  order  of  10  per  cent  of  the  total  energy. 
Consequently  the  surges  in  this  frequency  band  will  be  in  the  order  of 
V(0.1)  X 0.1  = 0.03  m.  Amplification  by  6 then  leads  to  differences 
in  surge  amplitudes  at  C2  and  Ej  of  about  0.2  m. 

Ship  oscillations:  For  a ship  with  a displacement  of  40  000  m3 , at 

berth  between  C2  and  E2,  the  exerted  force  will  be  about 

(a.  2rr)/i.  40  000  = 75  tonf.  The  effect  of  currents  can  be  neglected. 

This  force  will  still  not  directly  lead  to  intolerable  conditions, 
provided  no  resonance  occurs.  The  natural  period  of  oscillation  of  the 
mass-spring  system  of  ship  and  mooring  lines  is  by  approximation 

co  « L— — 

«J^m  ■ m 

for  u = 0.104  (T  = 60  s),  Cm  = 1.1  and  m = 40  000  tons,  c becomes 
c * 40  tonf/m.  Assuming  that  the  surging  forces  will  be  absorbed  by 
the  springs,  and  a length  of  lines  of  40  m,  the  required  elasticity  for 
resonance  becomes  40  tonf/2.5%  elongation  or  16  tonf/%  elongation. 
The  following  elasticities  can  be  expected  in  practice, 
steel  : 30-50  tonf/%  elongation 

nylon/polypropylene  1-2  tonf/%  elongation 
Manilla  ~10  tonf/%  elongation. 

Applying  all  steel  wires  the  system  will  be  too  stiff  to  create 
resonance  problems.  However,  applying  Manilla  ropes,  or  steel  lines 
with  nylon  tads,  resonance  is  not  excluded. 

In  the  example  the  direct  effects  of  the  waves  on  the  ships  was  not 
of  importance  as  appeared  from  wave  penetration  tests.  Nevertheless 
the  indirect  effects  can  become  important,  which  should  be  taken  into 
consideration  when  testing  the  ship  behaviour  in  a physical  model. 
Clearly,  the  correct  reproduction  of  the  irregular  sea  waves  is  essential 
in  that  case. 

Surf  beat:  A special  case  of  harbour  basin  oscillations  due  to 
external  wave  conditions  is  the  situation  where  waves  break  at  or  near 
the  harbour  entrance.  Mass  transport  in  the  breaking  waves  (also 
arriving  in  groups)  additional  to  the  surging  motion  described  before 
will  be  the  driving  force  for  the  oscillations.  This  phenomenon  has  been 
reported  in  studies  on  small  ports  (Ref.  9),  where  use  was  made  of 
random  waves  in  the  testing  basin.  With  regard  to  the  limited  sizes  of 
the  ships,  resonance  is  not  likely  to  occur,  and  even  in  resonance 
conditions  the  forces  in  the  mooring  lines  will  not  directly  become 
excessive. 

5.3  Motions  of  freely  floating  objects 

An  often  applied  procedure  in  assessing  the  motions  of  a freely 
floating  object,  is  to  measure  the  response  at  a range  of  discrete 
wave  frequencies,  in  regular  waves.  The  behaviour  in  an  irregular  sea 
can  then  subsequently  be  determined  by  multiplying  the  transfer 
function  thus  obtained  with  the  wave  energy  spectrum,  which  yields 
the  energy  spectrum  of  the  motion  component  concerned.  In  spite 
of  the  fact  that  the  response  as  such  is  most  often  linear,  also  here 
problems  may  be  encountered  due  to  non-linearities  in  the  wave 
motion. 

As  described  in  section  3,  parasitic-  or  secondary  waves  will  be 
generated  with  a sinusoidally  moving  wave  board  and  at  large  values 
of  the  parameter  a.L*/d3 . Although  in  principle  this  parameter  can  be 
reduced  by  reducing  the  wave  amplitude  a,  measuring  accuracy  and 
scale  effects  set  a limit  to  this.  If  now  the  response  of  an  object  to 
the  waves  is  tested  at  a.  L3/d3  > 10  (see  section  3),  the  resultant 
motion  will  be  caused  by  a wave  system  of  two  discrete  frequencies, 

/o  and  2/o  • 

Sometimes  use  can  be  made  of  the  length  of  the  wave  flume  and 
the  fact  that  the  group  velocity  of  the  secondary  waves  is  smaller  than 
for  the  basic  waves,  so  the  experiment  can  be  run  after  the  first  waves 
of  the  train  of  basic  waves  have  passed,  and  before  the  secondary 
waves  (and  the  reflected  basic  waves  from  the  end  of  the  flume)  arrive. 
If  this  is  not  possible,  the  experiment  can  best  be  carried  out  in 
random  waves.  As  the  motion-control  of  the  wave  board  in  that  case 
is  adjusted  so  as  to  arrive  at  a proper  wave  spectrum  at  the  site  of 
the  model,  the  occurrence  of  free  secondary  waves  is  no  problem. 

After  all  there  is  no  difference  whether  a particular  frequency 
component  is  the  result  01  the  imperfect  motion  of  the  wave  board, 
or  contained  in  the  input  signal  from  the  start.  The  spectra  of  the 
various  motion  components  of  the  floating  object  can  now  be 
determined  from  the  measurements  and  together  with  the  wave 
spectrum  transfer  functions  can  be  derived,  to  predict  the  motions  at 
other  than  the  tested  wave  spectra. 
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List  of  symbols 
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c 
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CS 
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m0 
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= wave  amplitude 
= breadth  of  ship 
= spring  constant 
= phase  velocity  of  the  waves 
= group  velocity  of  the  waves 
= added  mass  coefficient 
= water  depth 
= energy 

= energy  density  at  frequency  / 

= shift  frequency 

= force  in  component  a,  exceeded  in  1%  of  the  waves 
= significant  force  in  component  a 
= frequency 
= acceleration  of  gravity 
= significant  wave  height 
= wave  number,  2ir It 
= wave  length 
= length  overall 

= length  between  perpendiculars 
= mass 

= total  energy  of  force  spectrum 
= total  energy  of  wave  spectrum 
= dynamic  pressure 
* hydrostatic  pressure 

= energy  density  in  force  spectrum  at  frequency  co 
= energy  density  in  wave  spectrum  at  frequency  co 
= radiation  stress  in  direction  of  wave  propagation 
= draught 
= wave  period 
= natural  period  of  roll 
= period  with  maximum  energy  density 
= Ursell  parameter 
= orbital  velocity 
= vertical  coordinate 
= variation  of  mean  water  level 
= displacement 
= phase  angle 
= surface  elevation 
= mass  density  of  water 
= frequency,  2it/T 
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Fig.  1 : System  set>up  wave  generator 
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Fig.  2:  Typical  variation  of  wave  profile  with 
distance  to  wave  generator 
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Fig.  14:  Variation  of  mean  water  level  in  wave 
groups 


Fig.  15:  Port  layout 
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CONSISTS  OF 


FENDER  COMPRESSION  (m) 


Discussion  on  Paper  by  N.  Hogben 


r.c.  McGregor 


This  type  of  wavemaker  for  the  creation  of  very 
large  experimental  waves  is  likely  to  find  many 
uses  in  towing  tanks  around  the  world.  The  wave- 
maker  as  presented  is  probably  the  simplest  design 
that  could  have  been  envisaged.  I wonder,  would 
the  author  comment  on  any  alternative  features 
that  were  tried  and  found  to  give  insufficient 
return  for  increased  complexity? 

Creating  waves  by  towing  an  angled  board  is  not 
equivalent  simply  to  a travelling  pressure  field 
since  there  is  also  a physical  water  displacement 
somewhat  similar  to  a progressing  sluice  gate. 

This  second  effect  would  not  seem  likely  to  give 
velocity  distributions  in  the  wave  which  corresp- 
ond to  those  of  a normal  progressive  wave.  Would 
the  author  comment  on  whether  particle  velocities 
have  been  measured  and  whether  the  velocity 
induced  forces  have  been  in  accord  with  theoretical 
prediction? 

L.J.  DOCTORS 


C,,/C„  = 


W D 2F2/it  + 1.477 


(iii) 


Thus,  for  example,  at  a Froude  number  of  2.0, 
the  wave  resistance  constitutes  only  about  one- 
quarter  of  the  total  drag.  (Eqns  (i)-(iii) 
which  apply  when  the  Froude  number  is  greater  than 
about  1.0  agree  with  the  finite-element  calcula- 
tions in  Ref. 8. ) 


Possibly  the  author  could  check  to  see  if  this 
explanation  accounts  for  the  "missing"  difference. 
Of  course,  the  skin-friction  drag  of  the  plate 
must  be  considered  too,  and  the  nonlinear  effects 
referred  to  in  the  paper  are  still  relevant. 

A further  point  is  in  regard  to  the  quality  of 
the  generated  wave.  Presumably  in  most  experiments 
one  requires  as  "clean"  a wave  as  possible.  This 
cannot  be  achieved  by  reducing  the  angle  of  attack 
of  the  plate.  Apart  from  reducing  the  generated 
wave  height,  the  energy  loss  due  to  the  jet  would 
still  bear  the  same  relationship  to  the  wave  drag  - 
according  to  linear  theory. 


The  discusser  would  like  to  refer  to  Dr.  Hogben's 
calculations  in  which  he  attempted  to  correlate 
the  drag  of  the  planing-plate  wavemaker  with  the 
wave  resistance  determined  from  the  height  of  the 
downstream  waves. 

For  example,  up  to  a Froude  number  (based  on 
water  depth)  of  0.6,  Fig. 9(c)  shows  that  the  drag 
tends  to  agree  with  linear  wave  theory  based  on 
the  height  of  the  wave  system  actually  measured. 
Above  this  Froude  number,  the  linear  wave  theory 
result  is  supposedly  too  low. 

It  is  suggested  here  that  the  discrepancy  is 
largely  due  to  the  jet  drag  - resulting  from  the 
momentum  of  the  water  thrown  ahead  of  the  plate. 

In  the  experiment,  this  water  would  land  on  the 
upstream  main  flow  and  be  a prime  cause  of  the 
turbulence  and  aeration  which  is  so  evident.  For 
example,  Maruo  (Ref. 7)  found  approximate  formulas 
for  the  lift  coefficient  and  the  jet-drag  coeffi- 
cient for  the  planing  of  a two  dimensional  flat 
plate  (his  equations  (31)  and  (39)).  They  are: 

CT/a  » r-  (i) 

1/ir  + 1.477  (1/2  * ) 

and 

CT/C?  = - + 0.477  (1/2  F2)  (ii) 

«J  L IT 

where  F is  the  Froude  number  based  on  wetted  plate 
length,  and  a is  the  angle  of  attack  in  radians. 
Noting  that  the  total-drag  coefficient,  C^  is  the 
sum  of  the  wave-resistant  coefficient,  Cw,  and  the 
jet-drag  coefficient , one  can  combine  the  above 
pair  of  equations  to  give: 


A jet-free  form  can  be  generated  using  a para- 
bolic plate  with  the  curvature  downwards , as 
pointed  out  by  the  discusser  (Ref. 8).  Unfortuna- 
tely, the  amount  of  curvature  depends  on  the  plate 
Froude  number.  Thus,  in  order  to  accommodate 
different  carriage  speeds  one  would  require  an 
adjustable  plate.  Alternatively,  it  should  be 
possible  to  design  a plate  of  more  complicated 
shape,  such  that  as  the  Froude  number  and  wetted 
length  varied  with  carriage  speed,  so  the  jet-free 
condition  would  be  maintained. 

The  discusser  would  like  to  conclude  by  congrat- 
ulating Dr.  Hogben  on  a most  ingenious  invention 
of  great  practical  application. 
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H.  RITTEB 

The  development  of  the  beam  wayemaker  by  Dr. 
Hogben  made  me  wonder  whether  there  might  be  some 
advantage  in  replacing  the  planing  flat  plate 
by  a fully  submersed  hydrofoil  at  very  shallow 
depth.  This  should  avoid  the  energy  loss  associa- 
ted with  the  quite  considerable  turbulent  distur- 
bance which  occurs  under  the  leading  portion  of  the 
planing  plate.  The  chord  of  the  foil  might 


be  made  smaller  than  that  of  the  plate  and  hence 
the  wave  should  pass  it  more  easily  and  with  less 
energy  loss  when  the  towing  carriage  stops.  Fin- 
ally, it  was  hoped  that  the  foil  would  allow  the 
production  of  a bigger  wave. 

A quick  and  simple  investigation  was  carried  out 
in  the  same  small  channel  as  used  by  Dr.  Hogben  for 
his  exploratory  tests.  First  an  available  length 
of  standard  strut,  chord  51  mm  and  thickness  = l8 
was  used  and  this  showed  that  an  incidence  of  15°- 
25°  was  suitable.  This  gave  a maximum  wave  steep- 
ness of  H/X  of  about  0.062,  the  same  as  the  plan- 
ing plate  and  also  a very  similar  maximum  wave 
height. 

A foil  of  NACA  0018  section,  100  mm-chord  was 
then  made  and  mounted  on  an  existing  strain  gauge 
balance  measuring  lift  and  drag.  For  the  depth 
available  in  the  channel  this  corresponded  to  a 
full  size  chord  in  the  towing  tank  of  about  1 m. 

It  was  found  that  the  foil  incidence  should  be  15°- 
28°.  At  the  higher  of  these  angles,  the  height  of 
the  first  wave  crest , but  not  of  the  second  one , 
was  increased  with  a steep  rise  in  drag.  Submer- 
sion was  adjusted  for  best  waves  and  then  the  depth 
of  flow  over  the  top  of  the  foil  was  about  0.2  x 
chord. 

Comparative  tests  of  a planing  plate  were  also 
made  on  the  same  rig,  repeating  the  more  important 
conditions  given  in  the  present  paper.  The  results 
confirmed  that  little  or  nothing  was  gained  by  us- 
ing the  foil  rather  than  the  plate.  Neither  the 
height  nor  the  steepness  of  the  waves  was  greater 
for  the  foil  and  the  force  balance  showed  that  the 
drag  and  lift  were  also  of  very  similar  value.  If 
the  planing  plate  is  run  at  an  incidence  greater 
than  15°  then  its  wetted  length  is  no  more  than  the 
chord  of  the  foil  giving  the  same  wave  height. 

The  drag  ratio  Dy  for  the  -hydrofoil  was  within 
the  scatter  of  the  results  in  Fig. 5 and  the  height 
of  the  second  wave  crest  was  practically  constant 
with  varying  foil  incidence. 

A quick  qualitative  look  was  also  taken  at  the 
waves  generated  with  negative  foil  incidence  and  no 
advantage  was  apparent. 

Since  there  is  nothing  to  be  gained  in  perfor- 
mance by  using  a hydrofoil  instead  of  the  planing 
plate,  and  there  are  disadvantages  of  more  compli- 
cated construction  and  added  difficulty  in  pro- 
viding vertical  retraction,  the  simpler  design  cho- 
sen by  Dr.  Hogben  is  to  be  preferred. 

P.0.  STANDING 

This  paper  will  be  of  considerable  interest  to 
owners  of  existing  towing  tanks  who  wish  to  test 
offshore  structure  models  in  large  waves.  I 
should  like  to  show  a few  results  from  further 
tests  on  this  device. 

In  Section  3.1,  Dr.  Hogben  refers  to  a second 
series  of  tests  carried  out  in  No. 2 tank  with  the 
flap  angle  8 set  at  17?  . In  fact  the  angle  turned 
out  to  be  19°,  closer  adjustment  being  difficult. 

To  maintain  a constant  flap  immersion  depth  the 
water  level  was  lowered  slightly,  reducing  d from 
2.29  to  2.23  m.  These  tests  have  now  been  analy- 
sed and  full  results  will  appear  shortly  in 
reference  (9).  Two  graphs  are  of  particular 
interest. 


Fig. 13  shows  wave  heights  H2/d  from  Fig. 10c 
overlaid  with  the  new  values.  At  high  speeds,  Fn 
> 0.7,  the  new  flap  angle  caused  slightly  higher 
waves  at  the  target  point . The  maximum  height 
recorded  was  Hj  = 0.89  m.  This  additional  height 
was  obtained  with  a reduction  in  Dw,  shown  in 
Fig.lU,  and  therefore  more  efficiently;  but  as 
before,  (Fig. 9c),  the  curve  rises  steeply  at  high 
speeds.  The  reason  for  this  rise  is  still  not 
clear,  but  may  be  connected  with: 

(i)  the  approach  to  the  critical  speed  Fn  = 1, 
where,  despite  increasing  wave  steepness 
H^/X  (Fig.9d),  Hq/d  increases  and 
the  waves  eventually  become  non-linear; 

(ii)  at  moderate  speeds,  turbulence  losses 
below  the  flap's  leading  edge  and  in 
the  following  wave  trough; 

(iii)  at  higher  speeds  (Fn  > 0.83),  spilling 
over  the  top  of  the  flap.  This  imposed 
additional  fluctuating  loads,  making 
lift  measurements  and  their  interpre- 
tation difficult.  Although  the  wave 
experienced  energy  losses  tending  to 
increase  Dy,  the  immediate  effect,  due 
to  the  weight  of  water  on  the  flap  top, 
was  to  decrease  the  lift  and  apparent 
drag,  and  therefore  Dw  also. 

Section  3.2.1  notes  that  the  steepness  limit  of 
1/7  is  not  achieved.  This  value  applied  to  free 
waves,  whereas  the  losses  seem  to  occur  in  the 
transient  flow  below  or  immediately  behind  the  flap 
where  a different  limit  may  apply.  Furthermore, 
the  first  wave  front  is  considerably  steeper  than 
the  following  waves  where  the  measurements  of  Hq 
were  taken.  The  leading  wave  slope  may  impose  an 
upper  limit  on  the  steepness  of  waves  which  can  be 
generated  in  this  way.  Presumably  water  depth  also 
limits  the  steepness  of  longer  waves. 

Breaking  of  the  first  wave  crest  was  visible  at 
low  speeds  with  the  19°  flap  angle.  This  seems  to 
be  connected  with  the  lesser  efficiency  of  this 
angle,  the  rapid  rise  in  Dw  and  the  lower  wave 
heights  Hr>/d  for  F <0.7.  The  choice  of  denomin- 
ator in  Fig. lit  (which  essentially  divides  drag  by 
H^)  gives  undue  prominence  to  the  curve's  low 
speed  and  to  experimental  errors  therein,  but  these 
errors  cannot  explain  the  rapid  rise  entirely. 

It  is  also  too  large  to  be  attributed  to  skin  fric- 
tion (by  a factor  of  10,  assuming  frictional 
drag  per  unit  tank  width  = Jc^pl^c^  with  Cf  = 
O.OOlt),  though  the  discrepancy  in  drag  does  vary 
roughly  with  c^.  There  is  evidence  for  a similar 
rise  when  8 = ll*°,  but  at  lower  speeds  where  mea- 
surements are  unreliable;  so  these  results  have 
been  omitted. 

Fig. 11  has  been  re-examined.  Much  of  the 
scatter  is  caused  by  speed  difference  between  runs, 
because  H2/X  varies  rapidly  with  Fn  (Fig.lOd).  On 
restricting  the  speed  range  to  Ffi  = 0.88  ± 0.03  and 
replotting  H2/»'Td,  which  is  less  speed-dependent  in 
this  range,  a more  coherent  picture  emerges.  The 
results,  confirmed  by  more  extensive  tests  with 
0 = 19°,  show  that  H2  is  reduced  by  about  10$  for 
each  wavelength  (about  15  m)  by  which  x2  is  short- 
ened or  X|,  lengthened.  This  confirms  the  curve  in 
Fig. 11a,  but  the  curve  in  Fig. lib  is  too  steep. 

The  main  conclusion  of  this  second  series  of 
tests  is  that  the  higher  flap  angle  offers  some 
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Author’s  Reply 


H.  RITTER  AND  R.G.  STANDING 

The  author  is  grateful  to  his  colleagues 
Dr.  Ritter  and  Dr.  Standing  for  supplying  some  val- 
uable additional  material  not  available  at  the  time 
of  writing  the  paper.  It  is  gratifying  to  learn 
from  Dr.  Ritter  that  his  investigations  of  a sub- 
merged foil  device  yielded  similar  results  but  led 
him  to  the  conclusion  that  the  simple  planing  plate 
arrangement  is  to  be  preferred.  It  is  also  re- 
assuring that  his  experiments  using  a different 
method  of  drag  measurements  and  including  repeti- 
tion of  some  of  the  planing  plate  tests  confirmed 
the  results  in  the  paper. 

Dr.  Standing  summarises  the  salient  findinv  of 
the  propotype  test  series  with  a higher  flap  angle 
which  he  has  reported  more  fully  in  the  reference 
which  he  cites.  These  are  mentioned  in  the  paper 
but  were  not  completed  in  time  for  the  results  to 
be  included.  The  most  important  finding  is  that 
with  the  higher  flap  incidence  the  maximum  wave- 
height  achieved  is  significantly  greater  and  it  may 
be  seen  in  fact  that  Hg  reaches  a value  of  about 
0.86  m.  This  encourages  the  author  to  believe  that 
further  increase  of  the  angle  would  yield  even 
higher  waves.  It  was  indeed  originally  intended 
in  the  light  of  the  experiments  in  the  small 
channel  that  the  prototype  should  run  at  an  incid- 
ence of  25°  but  unfortunately  this  proved  imposs- 
ible due  to  lack  of  clearence.  The  more  permanent 
installation  which  has  been  designed,  however,  will 
have  the  capability  of  running  with  flap  angles  up 
to  30°. 

L.J.  DOCTORS 

Dr.  Doctors  begins  his  interesting  contribution 
with  a discussion  of  the  discrepancy  in  the  energy 
budget  described  in  Section  2.2  of  the  paper  sugg- 
esting that  it  may  be  explained  in  terms  of  a jet 
drag  effect.  The  pictures  of  the  channel  exper- 
iments in  Fig.L  show  that  there  was  in  fact  no  jet 
but  there  was  certainly  a tumbling  disturbance  in 
its  place  which  no  doubt  involved  substantial  ene- 
rgy loss  and  could  possibly  be  regarded  as  roughly 
equivalent  to  the  effect  of  a jet.  As  noted  in 
Section  2.2  of  the  paper,  however,  pitot  measure- 
ments were  made  ahead  of  and  behind  the  plate  and 
though  some  energy  loss  was  recorded  it  was  only 
enough  to  explain  about  half  of  the  discrepancy 
indicated  by  the  relation  of  drag  and  wave  height. 

A detailed  account  of  these  measurements  is  given 
by  my  colleague,  Mr.  J.  Osborne,  who  carried  out 
the  experiments,  in  an  internal  memorandum. 

The  formulae  he  cites  for  assessing  the  signifi- 
cance of  jet  drag  are  presumably  for  deep  water 
since  they  contain  no  depth  parameter.  They  should 
not  therefore  be  expected  to  apply  to  the  experi- 
ments in  question  for  which  the  Froude  number  based 
on  depth  exceeded  0.8.  Nonetheless  it  may  be  of 
interest  to  note  that  the  corresponding  value  of 
the  Froude  number  based  on  wetted  length  (see  Fig. 
9e)  was  about  1.1.  The  formula  (iii)  thus  gives 
Cy/Cj)  * O.UU,  which  means  that  the  experimental 


values  of  Dy  in  Fig. 5a  should  be  roughly  halved 
for  comparison  with  linear  theory  and  this  would 
indeed  substantially  reduce  the  discrepancy. 

Regarding  the  question  of  wave  cleanness,  it 
should  be  appreciated  that  the  waves  arriving  in  the 
test  area  of  the  tank  are  free  progressive  waves 
and  correspondingly  very  clean  even  when  the  waves 
behind  the  carriage  are  very  dirty.  This  is  appa- 
rent from  a comparison  in  Fig. 7c  with  7a  and  7b. 
Consideration  was  in  fact  given  to  the  possibility 
of  using  the  concept  of  the  splashless  parabola 
which  was  described  already  in  1958  by  Cumberbatch, 
Ref.(lO).  It  was  felt,  however,  that  the  extra 
complication  and  sensitivity  of  setting  required 
would  not  be  justified  specially  in  view  of  the 
poor  agreement  found  between  experiment  and  theory. 

r.c.  McGregor 

Turning  now  to  Mr.  McGregor's  contribution,  his 
question  about  alternative  designs  has  been  answe- 
red in  the  replies  to  Dr.  Ritter  and  Dr.  Doctors. 
The  comment  may  be  added,  however,  that  a straight 
flap  has  two  degrees  of  freedom  and  there  is  con- 
siderable scope  for  optimising  the  incidence  and 
initial  immersion  at  which  it  is  set.  As  already 
indicated  it  seems  likely  that  flap  angles  greater 
than  20  may  yield  higher  waves  than  those  so  far 
achieved  and  the  permanent  installation  which  has 
been  designed  will  allow  the  angle  and  immersion 
to  be  varied. 

Regarding  the  'sluice  gate'  action,  this  was 
very  small  as  indicated  by  Fig.!*,  but  will  in  the- 
ory affect  the  waves  for  some  distance  behind  the 
flap  and  cause  a difference  between  the  mean  water 
levels  ahead  and  behind.  The  author  believes,  how- 
ever, that  the  waves  more  than  one  or  two  wave 
lengths  behind  should  be  effectively  normal  free 
progressive  waves.  The  same  remarks  apply  to  the 
waves  reaching  the  test  area  after  the  first  very 
long  advance  crest  has  passed  (see  Fig. 10a). 
Velocities  and  forces  on  cylinders  were  measured 
in  the  course  of  the  experiments  by  the  Division  of 
Maritime  Science  mentioned  in  the  paper,  but  at 
the  time  of  writing  these  have  not  yet  been 
published. 

As  a footnote  to  this  reply,  it  may  be  of  int- 
erest to  mention  that  the  film  of  the  prototype  ' 
'Wavedozer'  experiments  shown  during  the  presenta- 
tion of  the  paper  is  available  for  sale  or  hire 
from  the  National  Physical  Laboratory,  (it  is  l6mm 
with  colour  and  sound  and  a six-minute  run  time.) 

Finally,  the  author  wishes  to  thank  all  the  dis- 
cussers for  their  most  interesting  and  helpful  con- 
tributions. 
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Discussion  on  Paper  by  L.  Larsson 


K.  WIEGHARDT 

To  determine  the  shear  stress  velocity  uT  from 
velocity  profiles  the  law  of  the  wall  has  to  he 
assumed.  Yet,  near  separation  its  validity  seems 
to  be  doubtful.  H.P.  Hoffmann,  Hamburg,  has  mea- 
sured all  three  velocity  components  in  the  boundary 
layer  of  a double-model  of  a ship  in  a wind  tunnel 
at  Rn  = 6.8  x 10  . Fig.15  shows  that  for  the  girth 
at  0.9  length  the  law  of  the  wall|u|/u^  = 1/x  In 
zuT/v  + c (with  |u|  magnitude  of  velocity  at  wall 
distance  z)  is  indeed  confirmed  except  at  one 
station  (182)  where  the  velocity  near  the  wall  is 
rather  small  and  the  cross  flow  appreciable.  Here 
the  measured  profile  can  be  approximated  by  the  law 
of  the  wall  only  by  assuming  the  'constant'  c to 
be  no  longer  about  +5  but  -3.8  (say),  as  with  a 
rough  surface. 

I wonder  if  Dr.  Larsson  has  also  measured  such 
profiles  near  separation? 
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Author’s  Reply 


The  reason  for  choosing  a model  of  moderate  full- 
ness (Cjj  = 0.675)  was  to  avoid  separation.  Al- 
though this  phenomenon  is  of  utmost  importance  and 
good  data  are  vary  rare  for  three-dimensional  cases 
it  was  considered  too  complicated  to  include  this 
effect  in  this  set  of  data.  As  stated  in  the 
paper,  the  purpose  of  the  investigation  was  to  pro- 
duce a test  case  for  three-dimensional  calculation 
methods.  Also  without  separation  this  case  is  more 
complicated  than  most  other  cases  due  to  the  rapid 
thickening  of  the  boundary  layer. 

In  Fig. 16  the  measured  velocity  profiles  at 
station  1 (at  0.95  L)  are  given.  Even  though  this 
station  is  0.05  L further  aft  than  the  one  shown  by 
Professor  Wieghardt  (Fig. 15),  there  is  a good  fit 
to  the  law  of  the  wall  for  all  profiles. 

The  fact  that  the  law  of  the  wall  does  not  hold 
close  to  two-dimensional  separation  may  be  seen  for 
instance  in  the  axi-symmetric  case  by  Moses  (Case 
3,  Ref. (52).  In  three-dimensional  flow,  where  the 
skin  friction  may  well  increase  at  separation,  this 
may,  however,  not  be  true.  See  for  instance  the 
swept  wing  measurements  by  van  den  Berg  and 
Elsenaar,  Ref. (53),  where  the  wall  law  is  well 
confirmed  even  in  the  separated  region. 
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Discussion  on  Paper  by  K.  Kure  et  al 


A.N.  KHOLODILIN 

This  work  is  very  important . I am  fully  in 
agreement  with  the  authors ' remark  of  the  need  for 
theoretical  and  testing  collaboration.  An  analysis 
of  ship's  capsize  is  at  all  times  very  difficult  as 
a result  of  the  influence  of  many  unknown  factors. 
The  full  analyses  can  be  done  only  by  using  both 
methods,  theoretical  and  experimental. 

Of  special  interest  and  importance  is  the  beh- 
aviour of  small  vessels  under  the  effect  of 
erupting  waves  in  shallow  waters.  The  results  of 
these  analyses  have  been  published.  It  is  shown 
that  only  comparison  of  the  kinetic  energy  of  an 
oscillating  ship  upon  receiving  the  impulse  of  an 
erupting  wave  with  the  reserve  of  dynamical  stab- 
ility, the  work  of  roll-damping  forces  being  taken 
into  account,  permits  the  probability  value  of 
inclination  to  be  obtained. 

A. Y.  ODABASI 

I would  like  to  raise  some  points  on  the  pre- 
sentation of  the  results  and  on  the  conclusions  of 
the  paper.  Firstly,  although  time  histories  of 
motion  are  quite  informative  in  the  explanation  of 
the  mechanism  of  capsize,  they  are  inconclusive  in 
so  far  as  the  stability  of  motion  is  concerned. 

This  is  mainly  due  to  two  important  reasons : 

(1)  For  nonlinear  systems,  in  general , the 
solution  is  not  unique  and  is  strongly  depen- 
dent on  the  initial  conditions.  Therefore, 
if  the  authors  were  to  use  different  initial 
conditions  for  the  same  equations  of  motion 
they  would  possibly  obtain  a completely 
different  time  history. 

(2)  To  have  a bounded  solution  is  not  an 
indication  of  the  stability  of  motion.  In 
this  respect  it  will  be  useful  to  redefine 
the  meanings  of  'stability'  and 'bounded- 
ness'. Stability  is  the  property  that  the 
motion  under  consideration  will  remain  within 
the  domain  of  attraction  of  the  equilibrium 
position  and  under  the  influence  of  additio- 
nal perturbations  the  perturbed  and  the  un- 
perturbed motions  will  only  differ  to  a 
small  extent.  Boundedness,  on  the  other 
hand,  indicates  that  the  solution  of  the 
equations  of  motion,  i.e.  the  motion  of  the 
unperturbed  system,  will  have  an  upper  and  a 
lower  bound.  For  example,  if  we  write  the 
equation  of  motion  of  a pencil  standing  on 
its  sharp  edge,  theoretically  the  solution 

is  bounded  but  the  motion  is  unstable.  For 
the  oscillatory  motion  to  be  stable  the 
boundedness  is  necessary  but  not  sufficient. 
These  two  concepts  become  equivalent  only 
for  linear  time-invariant  systems. 

A more  meaningful  representation  may  be  either 
the  phase  trajectories  or  the  frequency  domain  plot. 
Such  representations  are  then  evaluated  by  using 
either  Lyapunov's  direct  method  (Fef.(l2)),  or 


Popov's  method  (Ref. (13)),  respectively. 

I too  have  studied  the  stability  of  the  "M/T 
Edith  Terkol"  by  using  a newly  devised  criterion 
(Ref.  ( lit ) ) and  have  found  two  possible  mechanisms 
of  capsize.  The  first  form  was  of  a parametric 
resonance  type  for  long  period  waves,  while  the 
second  form  was  of  an  instantaneous  capsize  type 
corresponding  to  conditions  almost  identical  to 
those  identified  for  the  real  capsize.  In  this 
study  no  coupling  effect  was  taken  into  account, 
yet,  distinct  from  the  authors'  conclusions  this 
ship  was  liable  to  capsize  even  without  any  coupl- 
ing effect. 
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Authors’  Reply 


A.N.  KHOLODILIN 

The  discussion  in  the  paper  of  scientific  method 
in  general  reflects  the  authors'  feelings  that  the 
subject  of  ship's  capsize  mechanics  is  a very 
important  one.  A solution  must  exist  and  must  be 
given  a form  which  can  be  utilized  in  design  and 
navigation  of  ships.  The  must  is  not  merely  a 
matter  of  scientific  progress  as  such.  It  is  a 
matter  of  life  and  death  for  men  at  sea  and  preven- 
tion of  ship  losses.  It  is  therefore  very  impor- 
tant to  be  sure  that  the  particular  questions  and 
answers  raised  in  the  research  on  the  subject  are 
not  given  a weight  which  they  cannot  sustain.  So 
even  the  paper's  form  of  abstract  theorising  must 
go  alongside  with  the  factual  theorising  and  exper- 
imentation underlined  by  A.N.  Kholodilin  in  his 
written  contribution.  The  published  works  on  cap- 
size in  shallow  water  mentioned  by  Dr.  Kholodilin 
are  not  known  to  the  author.  The  contribution  by 
H.E.  Guldhammer  to  Ref  ( 2 ) might  be  one  of  them. 
The  principle  of  balancing  kinetic  energy  under 
load  with  the  instantaneous  reserve  of  dynamic 
stability  is  necessarily  used  both  for  shallow 
water  and  deep  water  capsize  safety  studies.  All 
active  loads  must  be  included  unless  they  are 
negligible. 

A.Y.  ODABASI 

The  term  'capsize  safety'  is  deliberately  used 
by  the  authors  to  avoid  confusion  between  the  terms 
'stability*  and  'boundedness'  which  Dr.  Odabasi 
brings  in  from  the  general  stability  theory  of  dyn- 
amical systems.  The  two  terms  do  not  comply  with 
the  ship  capsize  safety  concept  as  this  is  under- 
stood in  naval  architectural  circles  for  their 
specific  application. 

The  equilibrium  stability  of  the  statically  flo- 
ating ship,  the  ability  of  the  ship  to  'stand  on 
its  feet'  in  still  water  so  well  expounded  in  class- 
ical naval  architecture  is  basic  The  metacentric 
height  is  an  undisputed  determinator  here.  The 
capsize  safety  for  a seaworthy  ship  is  a matter  of 
boundedness  and  not  of  stability  in  Dr.  Odabasi 's 
terminology.  When  applied  to  ships  Dr.  Odabasi 's 
stability  term  refers  to  such  phenomena  as  motion 
stability  studied  by  Grim  (12)  , Paulling  (6) , 

Abicht  (13)  with  discussion  and  Wellicome  (lU)  and 
others.  Stability  in  this  respect  ensures  seakind- 
liness  which  is  an  additional  quality  to  seaworth- 
iness and  not  necessarily  needed  for  safety.  The 
present  work  of  the  authors  was  not  intended  to 
study  directly  either  stability  or  boundedness.  It 
is  a very  specific  subject  studied  in  continuation 
of  Ref. (2)  which  deals  with  capsize  safety,  mean- 
ing boundedness.  An  ad  hoc  hypothesis  was  set 
forth  in  Ref. (2)  to  explain  the  capsize.  The  stro- 
ngly softening  righting  moment  was  made  responsible 
for  the  sign  inversion  of  the  strong  coupling  term 
from  sway  into  roll.  The  hypothesis  was  expressed 
in  verbal  form  and  needed  formalisation  and  testing 

Testing  the  hypothesis  for  its  logical  form  was 
intended  in  the  study  using  the  analogue  computer. 


The  formalised  mathematical  model  of  the  verbally 
stated  hypothesis  must  yield  a response  quite  sim- 
ilar to  the  actual,  i.e.  model  basin  phenomena. 

Regarding  the  Vessel  Edith  Terkol,  it  will  be 
very  interesting  to  learn  about  Dr.  Odabasi's  new 
criterion  not  involving  the  coupling  term.  A corr- 
esponding study  was  presented  by  H.E.  Guldhammer  in 
his  discussion  to  (2).  However,  the  mathematical 
model  of  the  ship's  roll  motion  involves  a large 
coupling  moment  and  it  is  difficult  to  understand 
how  the  stability  as  well  as  the  boundedness  crit- 
eria can  be  realistic  without  its  inclusion.  The 
coupling  term  could,  though,  be  inherent  in  a math- 
ematical form  having  another  reference  frame. 

REFERENCES 

(12)  Grim,  0.  Rollschwingungen,  stabilatat  und 
sicherheit  im  seegang.  Schiffstechnik, 
(1952). 

(13)  Abicht,  W.  On  capsizing  of  ships  in 
irregular  waves.  Proceedings  of  the 
Glasgow  Stability  Conference, (1975) • 

( lU ) Wellicome,  J.  An  analytical  study  of  the 
mechanism  of  capsizing.  Proceedings 
of  the  Glasgow  Stability  Conference, 

(1975). 


© IMechE  1977 


258 


Discussion  on  Paper  by  J.  H.  McCarthy  et  al 


K.  WIEGHARDT 

Could  you  give  us  more  precise  information  than 
in  Fig. 5 about  how  transition  depends  on  Rn  for 
various  forms?  At  Admiralty  Research  Laboratory, 
Teddington,  we  had  also  calculated  the  laminar 
boundary  layer  at  various  cylindrical  heads  (Ref. 
(1*5))  but,  so  far,  we  have  not  seen  experimental 
verification  of  what  is  really  happening  there. 

G.E.  GADD 

The  careful  experiments  described  in  this  paper 
give  valuable  information  on  the  effects  of  trans- 
ition-provoking devices  on  the  drag  of  bodies  of 
revolution.  However,  it  is  I think  a little  mis- 
leading to  suggest  that  the  'traditional'  method 
of  estimating  Cp  is  to  measure  the  drag  of  the  body 
without  stimulators,  and  to  subtract  the  difference 
of  drag  at  the  highest  Reynolds  numbers  from  the 
drag  obtained  with  stimulators  at  lower  Reynolds 
numbers.  Quite  obviously  in  the  present  instance 
some  of  the  smooth  bodies  have  a good  deal  of  lam- 
inar flow  even  at  the  highest  Reynolds  numbers. 

Authors  ’ Reply 


K.  WIEGHARDT 

Since  carrying  out  the  experiments  described  in 
the  paper,  additional  wind-tunnel  tests  have  been 
conducted  for  the  two  fuller  bodies  which  exper- 
ienced laminar  separation.  Table  5 below  shows  a 
small  change  in  the  location  (xs  or  s3)  of  the 
leading  edges  of  the  separation  bubbles,  as  deter- 
mined from  oil  film  experiments  for  the  modest 
range  of  Reynolds  numbers  which  was  investigated. 
The  agreement  between  predicted  and  measured  loca- 
tions of  separation  was  excellent  and  improved  with 
increasing  Reynolds  number.  For  both  forebodies 
hot  film  measurements  indicated  that  transition 
occurred  immediately  forward  of  the  downstream  end 
of  the  separation  bubbles.  Information  on  the 
length  of  the  separation  bubbles  on  Model  U620-2 
(lE/D  = 1*0)  is  given  in  Ref. (38)  of  the  paper. 
Additional  information  will  be  published  in  the 
near  future. 

G.E.  GADD 

The  'traditional'  method  described  in  the  paper 
is  the  method  which  has  been  traditionally  used  at 
D.T.N.S.R.D.C.  to  determine  Cp  for  submerged  bodies 
As  correctly  pointed  out  by  Dr.  Gadd,  many  commer- 
cial tanks  conduct  drag  measurements  only  with  stim- 
ulators in  place,  and  in  the  case  of  N.P.L.  no 
stimulator-drag  corrections  are  made,  apparently 
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Moreover,  in  normal  commercial  tank  work  there  is 
not  time  to  duplicate  the  experiments  without  stim- 
ulators. At  N.P.L. , pin-type  stimulators  are  used 
and  no  correction  is  made  for  stimulator  drag.  His 
may  seem  a crude  procedure,  but  from  Fig. 10  it 
appears  that  for  the  0.6  10  mm  trip  wire  at  X/L  = 
0.05,  For  example,  the  uncorrected  total  drag  meas- 
urements would  give  a value  of  Cp  for  Rl  below  2 x 
10T  of  about  0.19  x 10"3,  close  to  the  value  0.20  x 
10" 3 given  in  Table  3.  Of  course  an  estimate  of 
the  pressure  drag  of  the  stimulator  could  be  made 
but  it  is  not  always  certain  that  ahead  of  the  sti- 
mulator the  flow  is  entirely  laminar  and  to  some 
extent  the  drag  deficit  in  this  region  will  com- 
pensate for  the  drag  excess  due  to  the  stimulator 
pressure  drag.  Thus  the  use  of  uncorrected  total 
drags  with  stimulators  may  be  quite  acceptable, 
despite  its  apparent  crudity. 
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with  quite  good  results.  For  conventional  fore- 
bodies which  do  not  deviate  greatly  from  some  norm, 
this  can  be  a reasonable  approach  when  one  type  and 
size  of  stimulator  is  used  over  a long  period  of 
time,  and  a backlog  of  experimental  data  and  corr- 
elation allowances  are  available.  Problems  arise 
when  one  considers  different  sizes  of  stimulators 
or  vastly  different  forebodies , some  of  which  may 
experience  laminar  separation  and  early  transition. 
The  paper  addresses  these  problems  with  an  eye  to 
permitting  a careful  drag  evaluation  of  competing 
bow  shapes  for  axisymmetric  bodies. 


TABLE  5 

Httsured  tnd  Predicted  loc.tlons  of  Ltmln.r  Separation 
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1.0) 
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0.97 
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0.91 
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0.743 
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0.885 
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1.29 
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0.745 

1.60 

0.890 
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1.67 

0.467 
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1.92 

0.890 
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1.94 
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0.752 

2.58 

0.467 

0.752 
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0.890 
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0.467 

0.752 
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0.889 
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SOME  ASPECTS  OF  SHIP  MOTIONS  AND  IMPULSIVE 
WAVE  LOADS  ON  AN  ORE  CARRIER  MODEL  IN  TWO 
DIRECTIONAL  CROSS  WAVES 


111.3 


H.  KITAGAWA 

Ship  Research  Institute.  Tokyo,  Japan 


SYNOPSIS 

Results  of  model  experiments  on  an  ore  carrier  are  presented  to  investigate  the  fundamental  behaviour 
of  the  ship  and  impulsive  pressures  acting  on  the  hull  surface  in  two-directional  regular  and  irregular 
waves,  which  are  produced  by  flap  and  plunger  type  wavemakers.  The  superposition  principle  is  examined 
in  relation  to  roll  and  pitch  motions  of  the  ship  at  various  headings.  Effects  of  ship  speed,  course 
angle  and  sea  environment  upon  impulsive  pressures  are  discussed  in  cross  waves. 

1.  INTRODUCTION  seas. 


The  information  of  the  energy  distribution  of 
sea  waves  with  regard  to  direction  of  propagation 
has  been  not  only  essential  from  the  point  of  view 
of  the  wave  forecaster,  but  is  also  of  great  in- 
terest for  the  naval  architect  because  it  is  close- 
ly associated  with  the  problems  of  wave  loads  and 
optimum  routing  for  the  ship.  Much  work  was  done 
on  the  two-dimensional  spectrum  of  sea  waves  by 
Barbar[l]  and  Longuet-Higgins£2].  The  linear  pro- 
perties of  surface  waves  have  long  been  well  under- 
stood in  theory,  but  the  full  linear  evaluation  of 
the  directional  wave  spectrum  has  proved  difficult 
in  practice.  Barbar[3],  and  Longuet-Higgins , 
Cartwright  and  Smith[4]  gave  an  account  of  a method 
of  measuring  the  directional  spectrum  of  ocean  sur- 
face waves  by  taking  records  of  the  elevation  and 
tilt  of  a free  floating  buoy. 

Waves  generated  by  winds  blowing  over  the 
water  surface  are  short-crested.  The  theory  of 
short-crested  waves  was  developed  by  Jeffrey£  5 ] and 
extended  considerably  by  Fuchs[6],  in  its  appli- 
cation to  the  wave  field  near  the  shore. 

As  regards  the  behaviour  of  marine  vehicles 
and  structures  in  waves,  little  attention  has  been 
paid  to  the  fundamental  responses  of  them  in  two- 
or  multi-directional  waves.  A regrettable  lack  of 
the  facilities  for  grappling  this  subject  will  cer- 
tainly have  confined  researchers'  attention  to  the 
case  of  uni-directional  waves.  Yoshioka  et  al.[7] 
carried  out  some  rolling  experiments  of  a small 
craft  model  in  short-crested  waves  made  by  a flap 
type  wavemaker,  making  use  of  diffraction  plates. 
Tasai[8]  discussed  ship  motions  in  short-crested 
waves  generated  in  a towing  tank  by  a plunger  type 
wavemaker.  In  this  case,  short-crested  waves  were 
resulted  from  multiple  reflections  of  the  progres- 
sive wave  systems,  which  were  produced  by  a linear 
array  of  an  infinitely  long  unit  of  wavemakers. 

The  successive  plungers  were  driven  sinusoidally  in 
time,  but  with  a constant  phase  difference  between 
adjacent  plungers.  The  wave  trains,  however, 
necessarilly  had  the  same  wave  length,  because  they 
had  the  same  frequency,  but  their  directions  of 
propagation  were  different,  and  the  composite  waves 
were  therefore  far  from  realistic  short-crested 


Waves  superposed  by  two  long-crested  wave 
trains  which  cross  one  another  are  short-crested. 
Apart  from  the  wave  spectrum,  basic  properties  of 
two-directional  cross  waves  have  never  been 
verified  in  the  actual  experiments.  Quite  recent- 
ly, the  capability  of  producing  realistic  short- 
crested  waves  of  sufficient  severity  was  added  to 
the  No.l  Ship  Model  Basin,  which  is  a 80  m square 
basin,  of  the  Ship  Research  Institute.  The  Square 
Basin  has  been  equipped  with  a flap  type  wavemaker 
along  the  southern  bank.  The  second  wavemaker  of 
the  plunger  type  was  recently  fitted  up  along  the 
eastern  bank  of  the  basin  for  production  of  short- 
crested  waves. 

Model  experiments  conducted  under  conditions 
which  are  as  realistic  as  possible  in  simulating 
a severe  rough  sea  environment  will  offer  one  of 
the  best  means  of  gaining  full  understanding  of 
phenomena  associated  with  the  operation  of  ships 
in  extreme  seas.  Model  experiments  in  two-direc- 
tional cross  waves,  which  may  be  a certain  approach 
to  an  ideal  simulation  of  realistic  seas,  will 
provide  a basis  of  this  understanding. 

They  can  undoubtedly  serve  the  primary  purpose 
of  the  present  study  to  verify  the  superposition 
principle  of  ship  responses  in  two-directional 
waves.  Moreover,  two-directional  cross  waves  will 
offer  a favourable  sea  environment  for  the  purpose 
of  investigating  the  impulsive  hydrodynamic  forces 
acting  on  the  ships,  since  these  forces  which  cause 
sometimes  serious  damage  on  them  will  fall  into  the 
category  of  events  of  rather  rare  occurrence,  in 
particular,  in  model  experiments  in  ordinary  ir- 
regular waves. 

Some  experiments  were  performed  in  two-direc- 
tional cross  waves  with  a free-running  radio- 
controlled  model  of  an  ore  carrier.  Superposition 
principle  is  examined  in  relation  to  roll  and 
pitch  motions  of  the  ship,  and  some  features  of 
impulsive  pressures  acting  on  the  ship  in  cross 
waves  are  also  discussed[9][10][ll]. 
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1.1  NOTATION 


2.2  Two-directional  regular  cross  waves 
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phase  velocities  of  swell,  seas  and 
wave  pattern 

acceleration  due  to  gravity 
wave  height 

significant  wave  heights  swell  and 
seas 

short  term  expected  values  of  impul- 
sive pressure  peaks 
wave  numbers  of  swell  and  seas 
total  number  of  impact  encountered 
in  waves 

peak  values  of  impulsive  and  oscil- 
lating pressures 

,^1>2l(u)  spectra  of  swell,  seas  and 
cross  waves 

mean  wave  period  of  irregular  waves 
ship  speeds  in  calm  water  and  waves 
coordinates  of  starting  point  of  the 
model  in  the  basin 
phase  lag  between  swell  and  seas 
surface  profiles  of  swell,  seas  and 
cross  waves 

wave  amplitudes  of  swell  and  seas 
wave  pattern  angle 

angle  of  the  direction  of  wave  pat- 
tern advance 

wave  lengths  of  equivalent  single 
wave,  swell  and  seas 
mean  wave  length  corresponding  to 
mean  wave  period  of  irregular  waves 
circular  frequencies  of  equivalent 
single  wave,  swell  and  seas 
heading,  course  and  drift  angles 


2.  TWO- DIRECTIONAL  CROSS  WAVES 

2.1  Production  and  measurements  of  cross  waves 

To  enable  complex  and  short-crested  wave  forms 
to  be  generated  in  the  Square  Basin,  two  sets  of 
wavemakers  are  employed,  disposed  at  right-angles 
to  one  another  in  plan.  One  of  them,  which  has 
been  installed  recently  and  of  the  plunger  type, 
is  made  up  of  24  independent  units,  2.25  m long 
which,  by  operating  out  of  phase,  frequency  and 
stroke,  will  provide  such  complex  systems  as  may  be 
found  necessary  for  the  representation  of  confused 
short-crested  waves. 

In  towing  tanks,  the  method  of  measurement  of 
wave  form  found  to  be  satisfactory  uses  the  change 
of  capacitance  of  a plastic  coated  copper  wire, 
partly  suspended  in  the  water  at  the  end  of  a rigid 
arm  secured  to  the  tank  wall.  This  method,  how- 
ever, cannot  be  applicable  to  the  case  of  two- 
directional  waves,  since  wave  records  should  be 
taken  near  the  centre  of  the  basin  for  avoiding 
erroneous  influences  due  to  wave  reflection,  local 
disturbance,  interaction,  edge  and  comer  effects 
of  the  wavemakers.  The  ultra-sonic  wave  recorder 
of  underwater  type  has  then  been  utilized,  which 
enables  the  ship  model  to  run  freely  in  the  basin 
and  on  the  other  hand  has  a disadvantage  in  accu- 
racy of  measurement  of  considerably  steep  waves 
[12],  There  should  be  enough  wave  detectors,  in 
general,  for  an  array  of  them  to  extend  from  an 
origin  to  distance  sufficient  to  include  all  sig- 
nificant values  of  the  correlograi.i.  The  seven 
detectors  were  set  in  the  form  of  a modified  Mills 
cross  as  shown  in  Fig.l. 


The  system  of  coordinates  is  defined  as  in 
Fig.l.  One  of  the  two  regular  wave  trains  which 
is  produced  by  the  flap  type  wavemaker  is  supposed 
to  advance  in  the  positive  direction  of  x.  This 
wave  train,  £ , will  correspond  to  swell,  as 
the  characteristics  of  the  wavemaker  will  certainly 
be  suitable  for  producing  rather  long  waves.  The 
other  is  generated  by  the  plunger  type  wavemaker 
which  is  primarily  designed  to  produce  comparative- 
ly short  waves.  This  wave  train,  denoted  by  5 , 
advances  in  the  positive  direction  of  y,  which  Xill 
naturally  correspond  to  seas.  These  wave  systems 
will  be  expressed  by  the  following  equations,  res- 
pectively. 

(1) 
(2) 


C = C sin(k  x - a t) 

X XO  X X 

C = £ sin(k  y - o t + e) 
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e and  c are  wave  amplitudes,  k ( = 2tt/X  ) and  k 
(-°2ir/A  rare  wave  numbers,  o andxa  are  circula? 
wave  frequencies,  and  e is  a certain^phase  lag  bet- 
ween these  wave  systems. 

The  resultant  composite  surface  profile,  C > 

which  is  a sum  of  C and  C , can  be  easily  obtained 
X V 

as  follows , ’ 

C = C + C 

xy  x y 

- (?*°+  ?y°>{1'(7^1jSin!(p2^t)1" 

’’xo  ^yo ' 


x sin{p^  - a^t  + 6(t)} 


(3) 


where 
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It  is  apparent  that  a wave  group  or  packet  is 
formed  by  the  superposition. 

The  wave  pattern  will  be  observed  to  advance 
to  the  direction  of 

C A 

0 = arctan  - arc  tan  {-r^-} 14  (5) 

p C A 

y x x 

as  shown  in  Fig. 2,  with  the  velocity  of 

C = (C2+  C2)w=  {g/21r}vs(A  + A )** 
p x y ° x y 


(6) 


so  that  the  wave  pattern  of  short -crested  waves 
travels  faster  than  the  component  waves,  where  C 
and  C are  phase  velocities. 

y 


3.  MODEL  EXPERIMENTS 
3.1  The  model 

For  the  experiments  an  ore  carrier  model  was 
used,  the  main  particulars  of  which  are  given  in 
Table  1. 

The  model  was  self-propelled,  using  a d.c. 
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motor,  and  radio  controlled.  The  rechargeable 
battery  circuitry  was  divided  to  provide  power  to 
the  instruments  and  propulsion  separately.  The 
autopilot  system  was  designed  to  simulate  a typical 
full  scale  system,  and  the  model  was  mostly  able  to 
maintain  course. 

The  model  was  most  fully  instrumented;  gyro- 
scopes for  measurements  of  ship  motions  such  as 
roll,  pitch,  yaw  and  yaw  rate,  sub-miniature  acce- 
lerometers, motor  RPM  detector,  pressure  trans- 
ducers and  their  amplifiers,  amplifiers  for  meas- 
urements of  relative  water  elevations  and  shipping 
water  on  forecastle  deck,  oscillograph  and  tele- 
metering unit  were  installed  on  board. 

Pressure  gauges  of  diaphram  type  were  fitted 
on  the  model  for  detecting  impulsive  water  pressure 
acting  on  the  hull  surface.  The  diaphram  which  is 
bounded  on  ceramics  basement  is  a silicon  single- 
crystal plate  of  0.1  - 0.2  mm  in  thickness,  and  its 
surface  is  coated  for  protection  against  errosion 
and  shielding  from  light.  Furthermore,  very  thin 
silicon  grease  film  was  added  to  the  surface  of  the 
diaphram  during  the  experiment. 

A digital  memory  amplifier  (Transient  Time 
Converter)  was  also  used  simultaneously  to  record 
the  signals  precisely  enough  to  discuss  the  wave 
forms  in  detail  and  to  examine,  in  particular,  peak 
values,  rise-up  time  and  duration. 

Locations  of  the  pressure  gauges  fitted  on  the 
model  are  illustrated  in  Fig. 3 

Details  of  the  experimental  procedure  were 
described  in  refs. [10]  and  [13]. 


3.2  Test  conditions 

The  model  experiments  were  conducted  in  regu- 
lar and  irregular  cross  waves.  Wave  height  of 
each  component  regular  wave  is  1/40  of  the  ship 
length,  which  is  equal  to  11.25  cm  in  model  scale 
and  6.2  m in  full  scale,  since  it  is  supposed  to  be 
appropriate  for  the  present  purpose  and  of  the  most 
frequent  use  in  ordinary  model  experiments  in  waves. 

The  models  are  usually  controlled  and  run  at  a 
constant  speed  in  towing  tank  experiments.  Speed 
control  system  could  be  designed  for  a free-running 
model  in  ordinary  waves.  It  is  difficult,  how- 
ever, to  utilize  such  a control  unit  for  a free- 
running  model  in  two-directional  waves,  because  en- 
counter waves  generally  form  a wave  packet.  The 
d.c.  motor  to  drive  the  propeller  of  the  model  was 
then  regulated  at  a constant  voltage  that  served  to 
sustain  the  model  at  the  corresponding  speed  in 
still  water.  Consequently,  the  speed  of  the  model 
is  presumed  to  fall  naturally,  as  does  that  of  the 
actual  ship  in  rough  seas. 

Wave  length  of  each  component  regular  wave  was 
altered  over  the  X/L  range  of  0.5  - 1.5,  and  head- 
ing angle  of  the  model  was  changed  to  cover  the 
range  from  45°  to  270°  against  component  waves 
corresponding  to  swell.  In  general,  heading  angle 
which  is  opposite  to  the  direction  of  wave  pattern 
advance  is  supposed  to  give  a relatively  severe 
condition  to  the  ship.  This  heading  angle  X = X_ 
(Xp  * 180°-  Op)  is  given  in  Fig. 4.  ^ 

Two-directional  waves  can  bring  a realistic 
and  confused  sea  environment  to  realization,  as 
noted  earlier,  which  will  be  more  favourable  than 
uni-directional  waves  for  qualitative  and  quanti- 
tative evaluation  of  impulsive  pressure,  even  if 
each  component  wave  is  regular.  Moreover,  phase 


relation  of  two-directional  regular  waves  will 
play  an  important  role  in  occurrence  of  impulsive 
pressures  on  the  hull  surface.  Two-directional 
irregular  waves  will  undoubtedly  give  a more  rea- 
listic sea  environment  to  the  model.  Model  ex- 
periments in  irregular  cross  waves  were  made  main- 
ly for  the  purpose  of  evaluation  of  impulsive 
pressure.  The  I.S.S.C.  standard  spectrum  was 
employed. 

A new  method  using  a linear  filter  was  suc- 
cessfully applied  to  generation  of  irregular  waves 
by  the  plunger  type  wavemaker[14]. 


4.  RESULTS 

4.1  Regular  waves 

Fig. 5 shows  an  example  of  wave  records.  In 
this  case,  each  of  component  wave  has  the  same  wave 
height  but  different  wave  period,  and  the  expres- 
sion of  the  composite  wave  is  simplified  as  fol- 
lows , 

t = 2C  cos{^(k  x - k y - e)  - i(a  - a )t) 
xy  o 2 x y 2 x y 

x sin{i(k  x + k y + e)  - i(a  + a )t]  . 

2 x y 2 x y 

(7) 

Prediction  by  this  equation  is  plotted  in  the 
figure . 


4.2  Irregular  waves 

Wave  measurements  were  monitored  with  a strip 
chart  recorder  during  the  experiments  in  irregular 
waves.  Fig. 6 shows  typical  spectra  in  full  scale 
measured  during  the  model  experiments. 

The  spectrum  of  two-directional  irregular 
cross  waves  ^I+2\u),  appears  to  agree  reasonably 
well  with  a sum  of  the  spectrum  of  each  component 
irregular  wave,  Sa,(w)  and  ^2,(u>),  namely, 

^1+2!(w)  = gMCu)  + £2’(uj)  . (8) 

Wave  reflections  from  wave  absorbers  and  non-linear 
mechanics  such  as  breaking  of  waves  and  tertiary 
wave  interactions  may  contribute  to  some  extent  to 
the  discrepancy  between  them. 


4.3  Speed  loss  and  drift 

The  model  ran  through  regular  and  irregular 
wave  systems  using  an  autopilot  unit  at  various 
angles  of  encounter,  while  the  propeller  power  or 
RPM  was  substantially  held  constant,  and  the  re- 
sultant speed  under  these  conditions  was  measured. 

Motor  RPM  was  recorded  and  found  to  be  suffi- 
ciently constant  except  for  the  extreme  case. 

More  strictly  speaking,  battery  voltage  of  driving 
motor  was  held  constant  at  the  value  corresponding 
to  the  ship  speed  of  14.8  knots  or  the  model  speed 
of  1.028  m/s  in  still  water. 

For  comparison,  the  speed  loss  and  drift  of 
the  model  in  oblique  regular  waves  with  wave  height 
of  L/20  are  shown  in  Figs. 7 and  8,  respectively [15]. 
Those  in  regular  cross  waves  are  shown  in  Figs. 9 
and  10. 

It  is  a well  known  fact  that  slow  ships  lose 
more  speed  in  a seaway  than  fast  ships  under  iden- 
tical conditions,  undoubtedly  because  of  their 
increased  fullness  and  bluntness,  and  that  the 
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speed  loss  increases  rapidly  for  values  of  X/L 
above  0.75,  then  decreases  more  slowly  at  the 
higher  values. 

In  two-directional  waves,  the  speed  loss 
appears  to  be  affected  mainly  by  the  swell  compo- 
nent waves  and  effect  of  seas  seems  to  be  mostly 
limited  in  the  region  of  x~X  > where  severe  pitch- 
ing and  marked  speed  loss  are^observed.  On  the 
contrary,  when  X/L  of  swell  component  waves  is  0.5, 
the  speed  loss  decreases  in  this  region  of  the 
heading.  One  of  the  main  causes  of  the  speed  loss 
is  presumably  due  to  the  large  rudder  deflections 
required  to  keep  the  model  on  course  in  waves. 

If  resistance  or  thrust  increase  in  waves  is 
proportional  to  square  of  wave  height  as  generally 
assumed,  it  will  be  argued  that  the  speed  loss  is 
more  moderate  in  two-directional  waves  than  in  uni- 
directional waves  under  identical  conditions. 

Drift  angle  xd  (Xd=  Xc-  XI  X = course  angle) 
in  regular  cross  waves  hasCquite  Sifferent  features 
from  that  in  ordinary  regular  waves.  When  the 
heading  angle  is  nearly  equal  to  135°,  drift  angles 
in  regular  cross  waves  are  found  to  be  rather 
small,  while  those  in  ordinary  oblique  waves  will 
usually  have  the  highest  value.  In  this  region 
of  heading,  drifting  force  due  to  each  component 
wave  will  cancel  one  another,  and  the  drifting 
forces  lose  the  balance  in  the  slightly  higher 
heading  angles.  It  is  found  that  drift  angle  in 
regular  cross  waves  are  not  always  proportional  to 
amplitudes  of  ship  motions  and  vector  summation  of 
the  driftings  in  component  waves  does  not  give 
reasonable  prediction  of  those  in  cross  waves  when 
drift  angle  is  remarkable.  Detailed  and  precise 
analysis  of  the  phenomenon  should  require  further 
works  on  the  effects  of  dynamic  characteristics  of 
driving  and  autopilot  systems  as  well  as  wave 
height  and  ship  motions. 


4. 4 Ship  motions 

Pitch  and  roll  amplitudes  measured  in  single 
regular  waves  are  shown  in  Figs . 11  and  12 . 

Computed  results  are  also  plotted  in  the  figures 
using  the  strip  method  based  on  Ursell-Tasai's 
two-dimensional  theory.  As  the  roll  damping 
estimated  by  the  strip  theory  appears  to  be  too 
weak  and  a non-linear  effect  in  it  cannot  be  neg- 
lected, roll  amplitudes  were  calculated  in  another 
way  using  the  experimental  values  of  damping  coef- 
ficient including  the  non-linear  term.  The  total 
roll  damping  was  computed  from  the  results  of  roll 
decay  experiments  conducted  in  calm  water  at  both 
zero  and  forward  speeds.  The  linear  damping  term 
showed  slight  increase  with  forward  speed.  The 
effect  of  speed  loss  in  waves  was  taken  into 
account  in  the  computations. 

Fig. 13  shows  some  examples  of  the  records  of 
roll  and  pitch  in  regular  cross  waves . Another 
examples  including  relative  water  elevation,  ver- 
tical acceleration  at  midship  and  shipping  water 
passing  through  the  forecastle  deck  end  are  given 
in  Fig. 14. 

The  marked  beats  are  found  to  appear  in  pitch 
and  roll  motions  when  the  heading  angle  is  nearly 
equal  to  y . It  is  also  clear  that  the  maxima 
and  the  minima  within  roll  and  pitch  beats  have  an 
almost  opposite  phase  relation  to  one  another,  and 
that  when  the  heading  angle  is  90°  or  180°,  the 
model  is  rolling  and  pitching  with  respective  en- 
counter periods  of  swell  and  seas. 


For  comparison  with  those  in  single  regular 
waves,  mean  amplitudes  of  pitch  and  roll,  which 
were  mostly  determined  through  the  records  of  a few 
beat  length,  are  shown  in  Figs. 15  and  16,  respec- 
tively. 

Maximum  amplitudes  of  them  are  given  in  Figs. 
17  and  18.  They  are  the  mean  values  of  maximum 
amplitudes  within  several  beats  in  the  records , 
which  appear  in  considerably  regular  way.  Minimum 
amplitudes  were  found  to  be  quite  sensitive  to 
slight  changes  in  speed,  lateral  motions  and  local 
sea  environment  to  be  encountered,  and  they  are 
therefore  scattered.  The  maximum  amplitudes,  as 
seen  from  eq.(3),  are  convenient  for  verification 
of  the  superposition  principle. 

It  should  be  noted  that  the  model  speed  was 
not  constant  through  the  experiments  and,  as  men- 
tioned before,  it  decreased  in  accordance  with  the 
heading  and  sea  environment. 

It  appears  that  the  maximum  pitch  amplitudes, 
which  have  a similar  tendency  to  that  of  the  mean 
ones,  become  minimum  at  the  heading  angles  of  x * 
90°  and  180°  to  swell  except  for  the  case  of  small 
wave  to  ship  length  ratio,  and  have  peak  values  at 
X = Xj,*  If  swell  and  seas  have  the  same  wave 
length,  the  maximum  pitch  amplitudes  show  nearly 
symmetrical  variation  with  respect  to  the  heading 
angle  with  the  centre  of  symmetry  at  x=  135°,  and 
asymmetrical  appearances  gradually  turns  up  with 
decreasing  of  wave  length  of  seas,  as  the  effect  of 
responses  to  seas  becomes  conspicuous. 

As  regards  roll  amplitudes,  they  have  the 
minimum  at  x = Y on  account  of  response  charac- 
teristics in  single  regular  waves.  High  sensi- 
tivity of  rolling  to  encounter  angle  and  period, 
and  predominance  in  roll  motion  caused  by  swell  in 
the  vicinity  of  x = 90°  will  make  the  roll  response 
independent  of  the  influence  due  to  seas.  The 
influence  due  to  seas  gradually  appears  with  in- 
creasing of  heading  angle. 

Composed  amplitudes  of  pitch  and  roll,  which 
are  mere  summations  of  the  amplitudes  measured  in 
single  regular  waves,  are  given  by  thin  lines  in 
Figs. 17  and  18.  Fairly  good  agreements  are  mostly 
found  in  the  tendency  between  the  measured  and  the 
composed  amplitudes.  Although  it  will  be  rather 
negligible,  there  is  an  incorrectness  in  the  com- 
positions which  will  be  suffered  from  slight  dif- 
ferences of  the  model  speed  in  two  sea  environ- 
ments. In  short  waves,  however,  it  will  be  added 
as  to  the  pitch  response  that  the  discrepancy  bet- 
ween them  is  attributed  to  the  complicated  pro- 
perties of  pitch  response  in  comparatively  short 
waves,  wave  diffraction  due  to  the  model,  and  phase 
relation  which  was  not  taken  into  account  in  the 
composition  procedure. 

As  for  the  roll  response,  a quantitative  dis- 
crepancy is  more  remarkable.  Drifting,  phase  re- 
lation and  effect  of  the  difference  in  the  model 
speeds  in  addition  to  non-linear  properties  of  roll 
are  suggested  to  be  the  main  causes. 

Computations  were  made  using  the  strip  theory. 
Composed  amplitudes  obtained  by  the  computation  are 
shown  in  Figs.  19  and  20,  where  the  model  speeds 
are  those  measured  in  regular  cross  waves.  The 
similar  argument  noted  above  can  be  applied  to  the 
computed  results. 

Predicted  amplitudes  by  an  equivalent  single 
wave  approximation  are  also  shown  by  thin  lines  in 
Figs. 19  and  20,  in  way  of  suggestion,  where  the 
model  is  presumed  to  be  a point  and  two  wave  sys- 
tems are  replaced  by  an  equivalent  single  wave 
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train  propagating  in  the  direction  of  x with  wave 
length  of  P 


The  equivalent  wave  can  be  expressed  by  re- 
placing x and  y in  eq.(7)  by 

x = x + V t cosy 

° ” , (10) 

y = yQ  - V sinx 

and  is  then  given  by 

£ =2  C cos{i[k  x -k  y -e] 

xy  o 2xo  y7  o 

+ kv  (k  cosxtk  sinx)-(o  -a  )]t} 
2wx  y x y 

x sin{i[k  x tk  y te] 

2 x o y o 

+ kv  (k  cosx-k  siny)-(a  to  )]t}  . 

2 w x A y A xy  (u) 

It  is  apparent  that  such  a simple  approximation 
fails  unfortunately  to  give  successful  results. 

There  is  in  general  a considerable  discrepancy 
between  the  composed  and  the  measured  amplitudes  of 
the  ship  motions  when  the  model  runs  in  following 
seas  in  relation  to  the  swell  component.  In  the 
extreme  case,  an  unusual  phenomenon  was  observed, 
when  the  model  encountered  a group  of  especially 
steep  regular  waves.  The  phenomenon  may  bear  some 
resemblance  to  low  cycle  resonance  in  rolling. 

The  parametrically  induced  unstable  roll  motion  is 
also  a well  known  phenomenon  for  a ship  with  low 
freeboard  moving  in  following  seas  of  considerable 
steepness.  If  the  ship  is  running  in  following 
seas,  the  ship  will  experience  periodic  variations 
in  its  transverse  stability,  and  these  variations 
will  naturally  affect  the  roll  motion  of  the  ship. 

A similar  phenomenon  might  be  expected  if  the  ship 
encounters  a wave  packet  of  sufficient  steepness 
and  regularity,  which  is  a nature  of  two-direc- 
tional  regular  cross  waves.  In  fact,  such  be- 
haviour has  been  observed  on  some  occasion  in  the 
extreme  case. 

Much  attention  should  be  paid  to  the  behaviour 
of  ships  in  following  and  quartering  seas,  since 
the  ship  will  run  in  following  or  quartering  seas 
at  more  than  half  of  the  headings  in  two-direc- 
tional cross  waves.  Further  study  will  require 
the  information  of  coupled  motions,  gyroscopic  and 
non-linear  effects,  and  dynamic  properties  of 
driving  and  steering  systems. 

4.5  Impulsive  pressure 

The  digital  memory  amplifier  was  utilized  for 
precise  measurements  of  peak  values,  shapes  and 
duration  of  impulsive  pressures.  The  impulsive 
pressures  were  also  recorded  on  an  oscillograph 
simultaneously.  Comparison  of  both  records  in- 
dicated that  the  shapes  of  impulsive  pressures 
recorded  on  each  recorder  remarkably  resemble  to 
one  another  and  the  peak  values  were  almost  the 
same . The  duration  of  impact  part  of  the  pressure 
was  found  to  be  of  order  of  10  ms , as  far  as  obser- 
vations in  two-directional  waves  were  concerned. 

For  convenience  of  analysis,  impulsive  pres- 
sure records  are  classified  into  five  categories  as 
shown  in  Fig. 21.  The  relationships  between  occur- 


rence of  impulsive  pressure  and  various  parameters 
such  as  sea  environment,  ship  speed  and  heading  are 
illustrated  in  Fig. 22.  Histograms  of  peak  values 
of  impulsive  pressure  are  shown  in  Fig. 23.  It  can 
be  argued  that  the  occurrence  of  impulsive  pressure 
much  depends  on  wave  length  of  seas  rather  than 
that  of  swell,  and  that  short  seas  make  the  occur- 
rence frequent.  Complicated  interactions  between 
incident  and  diffraction  waves  produce  steep  waves 
on  the  weather  side  of  the  ship  and  the  local  in- 
crement of  wave  steepness  will  cause  the  frequent 
occurrence  of  impulsive  pressure.  The  ship 
motions,  which  are  mainly  induced  by  comparatively 
long  component  waves , may  cause  an  increase  of 
water  particle  velocity  over  the  hull  surface  and 
sharpening  of  impact  angle.  This  will  certainly 
aggravate  its  occurrence.  As  far  as  the  results 
of  the  model  experiments  are  concerned,  however, 
the  ship  motions  seem  not  to  stimulate  its  occur- 
rence. Free-running  ships  may  have  a favourable 
nature  of  studious  avoidance  of  a dangerous  phase 
relation  to  encounter  waves. 

As  shown  in  Figs. 22  and  23,  the  frequency  of 
occurrence  of  impulsive  pressure,  particularly  on 
bow  and  flare,  increases  rapidly  with  ship  speed. 
Naturally  the  effect  of  ship  speed  gradually  de- 
teriorates as  the  location  of  the  occurrence  moves 
towards  the  midship.  Wave  height  will  be  closely 
associated  with  the  phenomenon,  and  it  affects 
strongly  impulsive  pressures  acting  on  the  hull 
surface  high  above  the  water  line,  as  shown  in  the 
figures.  However,  its  effect  seems  to  be  little 
in  the  vicinity  of  the  water  line. 

The  impulsive  pressure  happened  to  exceed  30 
mAq.  in  its  peak  value  in  the  scale  of  actual  ship 
when  the  model  encountered  fairly  short  seas  and 
swell. 

It  will  be  added  that  oscillating  pressure 
associated  with  relative  water  elevation  and  im- 
pulsive pressure  do  not  exist  independently,  but 
that  impulsive  pressure  is  superposed  upon  the 
oscillating  one. 

Model  experiments  were  also  performed  in  two- 
directional  irregular  cross  waves  as  shown  in  Fig. 
6[11].  Distributions  of  peak  values  of  oscil- 
lating and  impulsive  pressures  are  shown  in  Fig. 24. 
As  shown  in  the  figures,  short  term  analysis  of 
peak  values  of  impulsive  pressure  indicates  that 
the  expected  peak  value  distributions  of  the  pres- 
sure are  supposed  to  be  well  approximated  by 
Rayleigh  distribution,  which  will  be  verified  by 
the  chi-square  goodness-of-fit  test  given  in  Table 
2. 

Lengthwise  distributions  of  short  term  expec- 
ted values  of  impulsive  pressure  peaks  are  given  in 
Fig. 25  and  the  effects  of  ship  speed,  mean  wave 
period  and  heading  angle  are  shown  in  Figs. 26,  27 
and  28,  respectively.  It  is  well  to  note  that  as 
for  the  influence  of  these  parameters  upon  impul- 
sive pressure,  the  conclusions  obtained  by  the 
experiments  in  regular  cross  waves  are  generally 
confirmed  by  these  results  as  shown  in  the  figures. 
The  details  of  analysis  should  be  referred  to  ref. 
[11]. 


5.  CONCLUSIONS 

The  model  experiments  were  conducted  in  two- 
directional  regular  and  irregular  cross  waves  for 
the  purpose  of  clarifying  the  fundamental  behaviour 
of  the  ship  in  such  waves  and  evaluating  impulsive 
pressure  acting  on  the  hull  surface. 
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As  regards  pitching,  the  maximum  amplitudes  in 
regular  cross  waves  can  generally  be  predicted  by  a 
simple  composition  of  those  in  single  regular 
waves,  and  the  superposition  principle  in  two- 
directional  cross  waves  mostly  holds  with  the  ex- 
ception of  the  case  in  comparatively  short  waves. 
However,  only  the  tendency  can  be  estimated  by  the 
composition  approximation  for  roll  response  in 
cross  waves. 

In  following  and  quartering  seas  with  respect 
to  either  component  wave,  the  principle  fails  to 
hold.  Furthermore,  drift  in  cross  waves  cannot 
always  be  well  predicted  by  vector  summation  of 
the  results  obtained  in  single  wave  trains. 

Two-directional  waves  can  provide  a favourable 
sea  environment  for  an  investigation  of  hydro- 
dynamic  impact.  The  effects  of  ship  speed, 
course  angle  and  sea  environment  upon  impulsive 
pressure  are  clarified  in  cross  waves.  The  ex- 
pected peak  value  distributions  of  the  pressure 
are  supposed  to  be  well  approximated  by  Rayleigh 
distribution. 

Ship  capsizing,  heavy  shipping  water  and 
hydrodynamic  impact  which  will  cause  serious 
damage  to  the  ship  on  some  occasion  will  statisti- 
cally fall  into  the  category  of  events  of  rather 
rare  occurrence.  The  linearized  method  of  waves 
and  ship  motion  analysis  which  has  received  so 
much  attention  in  recent  years  with  a marked  suc- 
cess cannot  be  applied  here  with  any  particular 
expectation  of  obtaining  directly  useable  results. 
Model  experiments  in  waves  could  then  provide  an 
extremely  useful  information,  only  if  the  sea  en- 
vironment is  appropriate  for  the  purpose. 

Two-directional  cross  waves  can  offer  a 
favourable  sea  environment  with  sufficient  severi- 
ty, though  there  are  still  many  points  which  must 
be  clarified.  Unfortunately,  it  is  not  such  an 
easy  matter  as  is  generally  imagined  to  promote  a 
detailed  experimental  study  on  these  phenomena  in 
two-directional  waves.  Effective  space  in  a model 
basin,  in  particular,  is  a vital  necessity  to  a 
successful  experiment  in  cross  waves.  There  must 
be  a growing  need,  however,  for  such  a sea  environ- 
ment, because  since  up  to  the  present  both  the 
behaviour  of  a ship  under  extreme  conditions  and 
sufficient  knowledge  about  the  nature  of  the  sea  on 
various  ship  routes  are  still  lacking. 

Also  a theoretical  investigation  of  a means  to 
systematize  such  complicated  phenomena  is  neces- 
sarily important. 
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Length  between  perpendiculars 
Breadth  mid. 

Depth  mid. 

Draft  mid. 

Displacement 
Block  coefficient 
Midship  coefficient 
C.G.  from  midship 
C.G.  from  keel 
Metacentric  radius 
Longitudinal  gyradius 
Transverse  gyradius 
Rolling  period 
Rudder  area 
Rudder  area  ratio 
Bilge  keel  breadth 
Bilge  keel  length 
Scale  ratio 


4.5000  m 
0.7397  m 
0.4190  m 
0.2915  m 
0.8013  t 
0.8243 
0.9975 

fore  0 . 1330  m 
0.239  m 
0.069  m 
0.238L 
0 . 360BPP 
2.01  sec 
0 . 01 °6  m2 
0.0x49 
0.0077  m 
1.1353  m 
247.0/4.50 


Table  1 Main  particulars  of  the  model 
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Fig.  2:  Wave  pattern 


Table  2 X2 — confidence 


Na 

Locutions 

Z(m) 

1 

stem 

6.0 

2 

ssSi  Upper 

6.0 

3 

ss9i  Lower 

2.25 

4 

ssSH  Upper 

6.0 

5 

ssSii  Lower 

2.25 

6 

ss*  Upper 

5j0 

7 

ss.8){  Lower 

2.25 

8 

ss.5 

2.25 

Fig.  3:  Locations  of  pressure  gauges 
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Fig.  4:  X„  and  marks 
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10  cm  , 10  cm  10  cm 
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N / L'H.  . 4(J 
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HEADING  ANGLE  to  SWELL  X.<3*»3 


• ; WITH  THESNC  MOOELINSUGHTLV  OFTEHENTO>©T»ON 
L /Hava  20.  REE (9),  lGnG-CHESTEO  WAVE 

ib  ib i2o  fte — — “to ?2d no 

HEAONG  ANGLE  TO  SWELL  X 6*q 


WITH  THE  SAME  MODEL  IN  SLIGHTLY  OFFEJCNT  COKMTON 
L/H*  = 20.  HEF.(9).  LONG -CHESTED  WkVE 


ib  sb  tie  rte  ifc rtj tic, do 

HEADING  ANGLE  TO  SWELL  .X.deg 


HEADING  ANGLE  TO  SWELL  . X . <*g 


Fig  10  Drift  angle  in  cross  waves 


Fig  11  : Pitch  response  in  single  regular  waves 


Speed  loss  rate  in  cross  waves 
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Fig.  12:  Roll  response  in  single  regular  waves 
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Impact  Pressure 


Ship  Motions 


Swell  M-=  1.25  Hw  = lAo 

Sea  M.  = 0.30  Hw  = L/40 
X Xp  (153.9*) 

Ship  Speed  14.8  Kn 

in  still  water 


Total  Encount  Nos.  = 277 
Nt;  Total  Impact  Nos. 


Fig.  23:  (a) 
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Swell  X/L  = 0.50 

Hw  = L/40 

Sea  X 11  = 0.30 
Hw  = L/40 

Xp  = 142.3* 

V.  = 1 4.8  Kn 

in  still 
water 


n 


Total  Encount 
Nos.  = 358 


Non  Impact 
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Stem 


Fig.  24:  Distributions  of  peak  values  of  hydrodynamic 
oscillating  and  impulsive  pressures 


n 


Vwr  9.09  Kn 
Ni  = 24 


o LitL_x 

0 8 16  24  32  9/cm2 


Swell  X/L  = 1.00  Hw  = L/40 
Sea  X/L  = 1.00  Hw=L/40 
"Xp  135.0* 

Total  Ericount  Nos.- 40 
Nj  {Total  Impact  Nos. 

Fig.  23:  (c) 

Fig.  23  (a)  (b)  (c):  Histograms  of  peak  values  of  impulsive 
pressure 
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Advancing  Direction  of  Prindpol  Component 
of  the  Composed  Woes 


Fig.  25:  Lengthwise  distributions  of  short  term  expected 
values  of  impulsive  pressure  peaks 


Fig.  26:  Effect  of  ship  speed  on  impulsive  pressure 
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APPLICATION  OF  THE  FUNCTIONAL  POLYNOMIAL 
MODEL  TO  THE  SHIP  ADDED  RESISTANCE  PROBLEM 


m 19 


J F.  DALZELL 

Stevens  Institute  of  Technology.  Hoboken.  New  Jersey.  USA 


The  objective  of  the  work  reviewed  herein  was  to  denonstrate  by  means  of  analyses  of  experimental 
data  that  a functional  polynomial  model  for  added  resistance  in  waves  is  an  adequate  engineering  approx- 
imation. The  results  obtained  indicate  that  this  is  so.  It  is  demonstrated  that  it  is  possible  to  iden- 
tify the  quadratic  frequency  response  function  for  added  resistance  from  experiments  in  both  irregular  and 
periodic  waves ; and  that,  given  the  frequency  domain  response,  it  is  possible  to  synthesize  at  least  the 
nonlinear  low  frequency  resistance  components  in  the  time  domain. 


INTRODUCTION 

A background  motivation  for  the  initiation 
of  the  work  to  be  reviewed  herein  was  the  lack  of 
general  methods  for  the  expeditious  practical  pre- 
diction of  the  statistics  involved  in  non-linear 
stochastic  seakeeping  problems.  Given  the  digital 
computer  and  the  funds  required  to  exercise  it, 
simulation  of  solutions  in  the  Monte  Carlo  sense  is 
often  direct  and  practical,  but  often  not  expedi- 
tious if  the  required  range  of  input  (sea  condi- 
tions) is  large  and  the  non-1 ineari t i es  are  substan- 
tial. In  many  applications,  frequency  domain 
pred ict ion  methods  analogous  to  the  linear-random 
system  outlined  by  St. Denis  and  Pierson  [1]  would 
be  desi rable. 

It  is  unrealistic  to  expect  that  a universal 
prediction  framework  for  random  non-linear  problems 
can  be  found.  However,  it  appears  that  an  existing 
framework,  the  functional  power  series, may  be  ap- 
plied to  restricted  classes  of  seakeeping  problems. 
There  are  two  main  attractions  in  this  approach. 
First,  the  linear  input-output  model  is  a term  of 
the  functional  power  series.  Secondly,  the  model 
holds  for  any  reasonably  well  behaved  input:  peri- 
odic, transient,  or  random.  Accordi ngly, theoretical 
prediction  methods  for  spectra,  etc.,  may  be  de- 
rived, and  it  is  possible  in  principle  to  relate 
the  functions  required  for  these  predictions  to  the 
results  of  hydromechanic  analyses. 

Wiener  introduced  the  functional  power  series 
model  (also  called  Volterra  Series)  into  non-linear 
circuit  analysis  during  World  War  II,  and  subse- 
quently published  this  work  and  extensions  [2]. 

Over  the  intervening  years  the  ideas  and  applica- 
tions have  slowly  been  amplified  and  simplified  for 
consumption  in  the  communication  and  electronics 
fields.  Of  the  many  papers  in  that  literature, 
those  of  Barrett  [ 3 J and  Bedrosian  and  Rice  LAj  may 
be  recommended. 

Application  to  seakeeping  problems  was  sug- 
gested indirectly  by  Tick  [5]  in  1961.  Hasselman 
[6]  and  Vass i lopou los  [7 ] indicated  direct  applica- 
; 'ons  to  some  classes  of  seakeeping  problems  about 
10  years  ago.  More  recently,  the  writer  L8]  and 
Neal  [9]  have  presented  results  bearing  on  the 
application  of  the  functional  series  model  to  what 
is  Drobably  the  simplest  non-linear  seakeeping 
problem  — the  ship  resistance  added  by  waves.  The 


intent  in  the  present  paper  is  to  summarize  addi- 
tional results  pertaining  to  the  application  of 
the  functional  series  model  to  added  ship  resist- 
ance . 


PRINCIPAL  NOTATION 

C„(<\ 


c1](n1  M 

ow(t) 

Fn 

Gi  H 
GaK  ,wa) 
Ga(w.-w) 

9i  (T) 

9a (Ti  ,T2) 

h 

L 

Lj 

V 

RA 

VT) 

ST)T1 

t.tj 

A 

At 

Tl(t) 

<7,^1  »Ua»°e 

af 

T 

w 

UU.lDj  ,UJa 


cross-b i -spectrum  (abbreviated  C.B.S.), 
resistance  output 

cross-bi -spectrum, (wave)3  output 
resistance  produced  by  waves 
Froude  number 

linear  frequency  response  function 
quadratic  frequency  response  function 
added  resistance  operator 

first  degree  kernel  or  linear  impulse 
response 

second  degree  kernel  or  quadratic  im- 
pulse response 

regular  wave  height 

model  L.B.P. 

coefficients,  linear  kernel 

coefficients,  quadratic  kernel 

mean  added  resistance  in  regular  waves 

auto-correlation  of  wave 

wave  spectrum,  two-sided 

time 

model  displacement 
sampling  interval 
wave  elevation 

non-dimensional  encounter  frequency 

folding  frequency 

time  (dummy) 

difference  frequency 

sum  frequency 

circular  frequency 
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111.20 

Ju  encounter  frequency 

frequency  of  wave  of  mode)  length 

THE  HYPOTHESIZED  ADDED  RESISTANCE  MODEL 
AND  ITS  ORIGIN 

For  present  purposes  the  ship  was  assumed  to 
be  proceeding  at  constant  forward  velocity  in  a 
head  wave  system  (the  "input")  defined  in  the  time 
domain  as  the  wave  elevation  TJ( t)  at  some  point 
stationary  with  respect  to  the  mean  position  of 
the  ship,  where  t is  time.  The  wave  system  may 
reasonably  be  assumed  to  be  zero  mean  whether  it 
is  stochastic  or  deterministic,  and  in  the  follow- 
ing this  was  always  assumed  to  be  the  case.  The 
resistance  to  forward  motion  from  all  causes  (the 
"output")  was  denoted  D(t).  The  initial  assumption 
was  that  the  resistance,  D(t),  is  sufficiently 
regular  so  as  to  at  least  allow  expansion  in  a 
functional  power  series: 

OO 

D(t)  =nS0  J’J>-"Jl9n(t»'ta"-tn)11(t‘tl)11(t‘ta)-‘ 

..Tl(t-tn)dt1dta...dtn]  (I) 

(Omission  of  limits  on  the  integrals  signifies 
1 imi  ts  of  *®>.) 

Each  term  in  the  above  series  is  a homo- 
genious  functional  of  degree  n.  The  kernels, 
g (tj...t  ),  are  assumed  to  be  time  invariant, 
smooth,  aCsolutely  integrable,  and  transformable 
in  the  mul t i -dimens ional  Fourier  sense.  They  are 
also  assumed  to  be  completely  symmetrical  in  their 
arguments . 

Convergence  of  the  series,  Eq.(l),  is  indi- 
cated theoretically  if  the  integrals  of  the  abso- 
lute value  of  the  kernels  are  finite  — either  for 
bounded  input,  or  for  stochastic  input  if  the  in- 
put is  strictly  stationary  with  bounded  moments  of 
all  orders. 

D(t)  may  be  considered  continuous  for  the 
present  application  and  is  itself  a functional. 
Barrett  [ 3 J attributes  to  Vol terra  an  approxima- 
tion theorem  which  says  in  effect  that  any  contin- 
uous functional  may  be  approximated  arbitrarily 
closely  by  a functional  polynomial.  (Truncating 
Eq.(l)  at  some  n converts  the  functional  series 
into  a functional  polynomial.) 

Accordingly,  the  series,  Eq.(l)  is  truncated 
to  form  the  simple  functional  polynomial  which  is 
the  actual  model  in  the  present  work.  By  defini- 
tion, the  added  resistance  due  to  waves  goes  to 
zero  when  there  are  no  waves.  If  T|(t)  is  assumed 
to  be  zero  for  all  time  in  Eq.(l),  the  only  term 
remaining  is  g , a constant.  Accordingly,  the 
term  of  degree  zero  in  the  series  may  be  discarded 
as  far  as  added  resistance  is  concerned  by  re-de- 
fining the  output  as  only  the  resistance  produced 
by  waves,  D„(t)  . 

Vass i lopoulos  t7]  pointed  out  that  the  form 
of  the  expected  mean  added  resistance  predicted  by 
the  formula  of  Maruo  [lOj  was  the  same  as  the  form 
for  the  expected  value  of  the  term  of  the  second 
degree  in  Eq.(l),  and  this  result  is  also  implicit 
in  the  work  of  Tick  [5].  Accordingly,  as  an  hy- 
pothesis, the  series,  Eq.(l)  is  truncated  at  n=2. 

The  result  is  the  functional  polynomial 
model  hypothesized  in  the  present  work  as  repre- 
senting the  resistance  added  by  the  wave  system: 

Dw(t>  * J 9i  (ti)Tl(t-tl)dtl 

+ J7  9a(  tj  , tj)T)(  t-tt  )T)(  t-ta)  dtj  dta  (2) 


It  should  be  noted  again  that  the  wave  input, 
1)(t),  in  Eqs.(l)  and  (2)  is  considered  to  be  as  ob- 
served in  the  head  sea  encounter  domain.  This  is 
a restriction  which  is  probably  removable  (see 
Hasselman  l6])  but  this  was  not  attempted  for  the 
present  case  because  there  was  a larger  conceptual 
problem. 

The  transition  between  Eq.(l)  and  Eq . (2)  was 
made  on  the  somewhat  tenuous  grounds  that  the 
forms  of  two  theoretical  expressions  were  the  same. 
In  practice  there  has  been  until  recently  some  ar- 
gument about  the  degree  to  which  Maruo's  prediction 
formula  tIOj  represented  practical  reality  — even 
in  simple  head  sea  towing  tank  experiments.  Clearly, 
the  worth  of  the  functional  polynomial  model,  Eq. 
(2),  for  added  resistance  hinged  mostly  upon  whe- 
ther or  not  the  series,  Eq.(l)  had  been  truncated 
prematurely;  that  is,  the  main  problem  appeared  to 
be  whether  the  encounter  domain  model,  Eq . (2) , 
would  work  at  all.  Accordingly,  the  approach  taken 
in  the  present  work  has  been  to  accept  the  matne- 
matical  model  Eq . (2) , as  a working  hypothesis,  to 
study  the  implications  of  this  model  with  respect 
to  observable  data  and  to  check  these  implications 
w i th  exper i ment . 

IMPULSE  AND  FREQUENCY  RESPONSE  FUNCTIONS 
Def i n i t i ons 


The  first  term  in  Eq.(2)  is  the  ordinary 
linear  convolution  of  a linear  impulse  response 
function  gx  ( tj  ) with  T|(  t)  . The  second  term  is  a 
double  convolution,  and  the  second  degree  kernel 
9a(ti,ta)  might  be  called  a quadratic  impulse  re- 
sponse. According  to  basic  assumptions,  the  two 
impulse  responses  are  related  to  the  linear  and 
quadratic  frequency  response  functions  through  the 
Fourier  transform.  These  two  sets  of  transform 
pairs  may  be  defined  as  foiiuws: 


9i  (T)  = ^ J e+'J'T  Gj  Hdw 

<hM  = J e'ltuT  gi(T)dT  (3) 

9a(Ti >T3)=~^j  JTExpj+ii^  + ii%Ta ^(^  , u>2) du^duia 

G2K,u)a)  = J’J’Exp[-iiulT1  - imaTa]ga(Tl  .TaJd^dTj 

w 


Symmetry 


The  linear  frequency  response  function, 

Gl(iu),  defined  by  Eq . ( 3)  is  absolutely  conven- 
tional. The  quadratic  frequency  response  function, 
G 3 ( uu! , uua)  is  defined  in  a bi-frequency  plane.  Be- 
cause the  kernel  ga(T1,T3)  is  assumed  to  be  sym- 
metrical in  its  arguments: 

93(Tl,Ta)  = ga(Ta.T1)  (5) 

and  thus: 


Ga^i.wj)  = Gafuia.iUi) 

Gi(<^  , uua)  = Gaf-^  ,-iuq) 


= Ga(->*>a,-tDi) 


(6) 

(7) 
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Figure  I summarizes  the  results  of  applying 
Eqs.(6)  and  (7)  in  the  bi-frequency  plane  for  the 
eight  possible  coordinate  positions  of  two  fre- 
quencies whose  absolute  values  are  a and  b . 
Equation  (6)  results  in  a line  of  symmetry  along 
the  line  x2=  Xj  . Equation  (7)  results  in  a line 
of  symmetry  of  the  real  part  of  Ga(xltxa)  defined 
by  xa  = -u^  (and  it  may  be  noted  that  along  this 
line  the  imaginary  part  of  the  function  is  zero). 
These  two  lines  and  the  Xj,x8  axes  divide  the  bi- 
frequency plane  into  octants,  of  which  the  two  on 
either  side  of  the  positive  xl  axis  may  be  arbi- 
trarily chosen  for  reference.  The  equalities 
shown  in  Figure  1 in  the  remaining  six  octants  are 
arrived  at  by  applying  Eqs.(6)  and/or  (7).  The 
assumptions  of  symmetry  of  the  second  degree  ker- 
nel result,  with  Eq.^),  in  a complete  definition 
of  G2(xj  ,xa)  if  the  functions  are  defined  in  any 
pair  of  octants  including  a semi-axis  of  either 
frequency.  Thus  without  loss  in  generality,  fur- 
ther interpretation  of  the  quadratic  frequency  re- 
sponse needs  only  to  involve  the  octants  on  either 
side  of  the  positive  0^  axis.  In  these  octants 
is  positive  and  lu>i  l^ltvgl . 

Interpretation  of  Quadratic  Frequency  Response 
Func t i on 

The  interpretation  of  the  quadratic  frequency 
response  function  is  less  direct  than  for  the  lin- 
ear case,  but  can  be  approached  in  a grossly  simi- 
lar manner.  If  in  the  linear  case  the  system  is 
considered  to  be  excited  by 

T)(  t)  = a cosuit 
the  output  is  then: 

Re(aGj  (x)  Exp(  ixt)  | 

and  Gt  (x)  is  interpreted  in  terms  of  normalized 
amplitude  and  phase  of  response.  To  interpret  the 
quadratic  frequency  response, dual  harmonic  excita- 
tion is  necessary.  Accordingly,  it  is  assumed  for 
illustration  that: 

T)(t)  = a1cosxlt  + aacosx8t  (8) 

In  accordance  with  the  previous  discussion  of  sym- 
metry, both  frequencies  (ui^xa)  are  considered 
positive  and  Ixil2|xa|.  The  basic  model,  Eq.(2)  is 
good  for  any  zero-mean  excitation.  Accordingly, 

Eq. (8)  may  be  substituted  directly  in  Eq.(2).  After 
considerable  algebra  and  consideration  of  symme- 
tries, the  results  appear  in  the  form  of  single  and 
double  Fourier  transforms  of  gi (tt)  and  gzCtj.ta), 
so  that  the  final  result  for  the  response  to  dual 
harmonic  excitation  may  be  written  as  follows: 

Dw(t)  = Re)a1G1  (X!)  Exp(  ixjtJ+aaG!  (xa)Exp(  ixat)  ! 

+}  la^GsK  .-xJ+ajGjfxa.-Xa)  j 

+±  Rela1aGa(x1,x1)Exp(i2xlt)  | 

+i  Reja|Ga(xa,Xa)Exp(i2xat)  | 

+ Re|a1aaGa(x1,X2)Exp[i(x1+x2)tJi 

+ Re(a1aaGa(x1,-xa)Exp[i(x1-xa)t]|  (9) 

This  result  shows  that  the  response  of  the 
quadratic  system,  Eq.(2),  to  dual  excitation  con- 
tains, in  general,  a shift  in  the  mean  and  compo- 
nents of  six  different  frequencies  [xj , xa,  2xj , 


2xa,  (xlTi2)»  and  (xi-x3)j.  The  first  two  terms 
of  the  result  are  the  superposition  of  the  linear 
responses  at  the  excitation  frequencies.  The 
third  and  fourth  terms  of  Eq.(9)  represent  a shift 
in  the  mean.  These  terms  allow  the  identification 
of  the  mean  added  resistance  operator  as  the  value 
of  Gs(xj,xa)  along  the  line  xa=  -Xj  (or  Gatxj.-Xj)). 
The  fifth  and  sixth  terms  are  the  second  harmonic 
components  (2x1,2 xa) . Similarly,  these  terms  al- 
low the  i dent i f icat ion  of  second  harmonic  response 
with  the  values  of  Ga(x1,xa)  along  the  line  X2=Xj 
(or  Ga(Xj  ,Xj))  . 

The  seventh  and  eighth  terms  of  Eq.(9)  per- 
tain to  the  bi -frequency  plane  in  general.  The 
seventh  term  is  the  response  at  frequency  (Xj+Xa) ; 
that  is,  Gj(xl  ,xa)  expresses  the  normalized  re- 
sponse in  the  sum  frequency  due  to  non-linear  in- 
teractions. Similarly,  the  eighth  term  involves 
response  at  frequency  (Xj-xa) ; that  is,  Ga(xl,-xa) 
is  the  normalized  response  in  the  difference  fre- 
quency. In  terms  of  Figure  1,  the  octant  of  the 
bi-frequency  plane  above  the  positive  Xj  axis  cor- 
responds to  the  portion  of  the  quadratic  frequency 
response  function  which  defines  sum-frequency  in- 
teractions, and  the  octant  below  the  positive  xx 
axis  corresponds  to  the  portion  of  the  function 
which  defines  difference  frequency  interactions. 

Equations  (8)  and  (9)  afford  a direct  way 
to  relate  the  postulated  input-output  model  to  the 
results  of  hydromechanic  analyses. 

Cascading  with  Linear  Systems 

It  is  often  necessary  or  advantageous  to 
consider  the  non-linear  model  (Eq.2)  as  being  in 
cascade  with  various  linear  systems.  The  type  of 
cascading  of  interest  is  outlined  in  Figure  2 in 
block  diagram  form.  Inside  the  dashed  box  is  the 
non-linear  model,  Eq.(2),  shown  as  the  summation 
(0)  of  the  response  of  a linear  and  a quadratic 
term  to  excitation  T|  . To  the  right  in  the  dia- 
gram a linear  filter  is  shown  operating  on  0 , 
and  to  the  left  another  linear  filter  operates  on 
the  input  Q to  produce  1)  . In  a physical  ex- 
periment the  left-hand  filter  may  correspond  to 
the  transformation  of  wave  elevations  measured  a- 
head  of  a model  to  the  vicinity  of  the  model,  and 
the  right-hand  filter  may  correspond  to  a real  in- 
strumentation filter.  In  practice,  Q and  E may 
be  observable  but  not  1)  and  D . 

The  rules  of  cascading  developed  by  George 
[ll]  may  be  summarized  for  this  case  as  follows: 

Ki  (x)  = Gl(x)F(x)H(x)  (10) 

Ka(x1  ,xa)=Ga(xl  ,xa)  F(x1)  F(xa)  t^Xj+Xj)  (11) 

where  Kj  (x)  and  Ka(x1,xa)  are  the  effective  linear 
and  quadratic  frequency  response  functions  relat- 
ing E to  Q . 

The  rule  for  the  linear  part,  Eq.(10),  is 
the  same  as  for  normal  linear  systems.  In  the 
quadratic  part  ( Eq .11),  the  effect  of  an  input 
modification  or  filter  is  felt  in  both  the  bi- 
frequency co-ordinate  directions.  For  example, if 
F(x)  is  an  ideal  low-pass  filter  with  cutoff  fre- 
quency equal  to  A , the  effective  Ka(xj,xa)  will 
be  zero  outside  the  region  where  |Xj I and  |xa|  are 
less  than  A . 

In  describing  the  effect  of  output  modifica- 
tion or  filtering,  and  for  subsequent  use,  a fre- 
quency axis  transformation  is  defined  as  follows: 

Qj  = xx-xa 

Qa  = X!+Xa  (12) 


mi 
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The  Clj  and  C3a  axes  are  coincident  with  the  lines 
of  symmetry  previously  noted  in  Figure  1.  This 
new  axis  system  is  mapped  into  the  (n;  ,ij)  plane 
in  Figure  3.  With  respect  to  Eq .(11)  it  is  seen 
that  the  effect  of  output  filtering  is  the  same 
for  constant  Ha.  An  ideal  low-pass  output  filter 
with  cutoff  frequency  equal  to  A will  make  the 
effective  quadratic  response  function  zero  for 
IQal>A  . 

In  the  case  of  added  resistance,  the  problems 
of  most  practical  interest  involve  fluctuations  of 
very  low  frequency  so  that  if  .-dded  resistance  is 
examined  through  a low-pass  filter  with  very  low 
cutoff  frequency,  the  effective  quadratic  frequency 
response  function  tends  to  be  concentrated  along 
the  line  U)a=  -oij  in  the  bi-frequency  plane  ((ia=0)  . 
This  line  was  previously  identified  as  the  locus 
of  the  added  resistance  operator.  Thus  the  func- 
tional polynomial  model  for  response  at  very  low 
frequency  tends  toward  the  approximate  model  de- 
rived by  Newman  [12]  as  the  band  of  frequencies  of 
interest  tends  toward  zero. 


data  and  the  identification  of  the  quadratic  fre- 
quency response  function,  the  cross-bi -spectrum 
is  necessary.  The  derivation  of  the  cross-bi- 
spectrum between  wave  and  resistance  starts  with 
the  definition  of  a third  moment  function: 


,Ta)  = |11(t+T1)Tl(t-T1)[Dw(t-Ta)-(Dw(t-Ts)) 

(1/) 

Combining  Eqs.(2)  and  (15)  and  after  some 
manipulation  lI3J,  in  which  the  properties  of 
Gaussian  processes  are  invoked,  and  the  frequency 
variables  are  changed  to  sum  and  difference  fre- 
quencies in  accordance  with  Eq.(12): 


MWTi>Ta)= 


(2")‘ 


2 ’ 2 ' T|T1 ' 2 J 


s -qiA  *2  1 J j’ Ex P L i( T 1 “l +T 2^ 3 ) j d ! i 


(18) 


SUMMARY  OF  THEORETICAL  RESULTS  FOR  RESPONSE 
TO  RANDOM  EXCITATION 

Assuming  Eq . (2) , the  essential  results  for 
the  response  to  random  excitation  have  been  noted 
elsewhere,  [ 5J,  [ 7 J . L 8 J , [9],  [13],  [l1*],  and 
will  only  be  summarized  here.  It  is  assumed  that 
the  wave  system  T)(t)  is  a stationary,  Gaussian, 
zero  mean  process.  The  auto-correlation  of  the 
process  will  be  denoted  R-_(r)  and  is  defined  as 
fol lows : 

R^T)  = TKt)n(t-r)  (13) 

where  the  bar  denotes  the  statistical  expectation. 
The  two-sided  spectrum  of  the  process  is,  by 
def i n i t ion  ; 


Then  defining  the  wave,  wave,  resistance  cross-bi- 
spectrum as  C0(Oi  ,Q2)  : 

CD(«1  »na)“/J’M1yr)D(T1  ,Ta)  Exp[  - i (T1nl+Tafla)  JdTjdTa 
= Gifu^  ,uj2)S^(uJ1)S7j^(i»'a)  (19) 

Thus  the  first  basis  for  an  identification 
procedure  for  the  quadratic  frequency  response 
function  is: 

-wa.i^+ws) 

1!°> 


sTn(lu)  " J %(T)e",UTdT  <l4> 

Taking  the  expected  value  of  Eq.(2),  and 
after  some  manipulation  [5],  [7],  [ 1 3 J J 

Ojt)  -■JnJ'  GsK-wJS^Hdu;  (15) 

This  result  is  the  expected  value  of  resistance 
added  by  waves. 

The  cross  spectrum  of  the  resistance  and 
waves  may  be  estimated  from  observable  data  with 
standard  techniques.  Following  Tick  [5],  it  may 
be  noted  that  the  identification  of  the  linear 
transfer  function,  Eq.(3),  may  be  carried  out  with 
cross-spectral  analysis  in  the  same  manner  as  for 
purely  linear  systems. 

The  scalar  spectrum  of  the  resistance  added 
by  the  waves  may  also  be  estimated  from  observable 
data  using  standard  techniques.  Forming  the  auto- 
correlation function  of  [^(t),  Eq.(2),  and  after 
some  manipulation  [13],  the  spectrum  of  resistance 
produced  by  the  wave  system  becomes: 

s00W  - + 

7?/  |Ga(^-5.5)  !3sT,^(aJ-s)s^(5)d5  (16) 

In  order  to  carry  out  analyses  of  observable 


It  turns  out  L14]  that  in  forming  a third 
moment  function  as  in  Eq .(17),  if  the  squared 
input,  lf(t),  is  substituted  for  the  output , D^(  t)  , 
the  result  may  be  written: 


M^afT!  , Ta)  = |T)(t+T1)T)(t-T1)[Tla(t-Ta)-(Tla(t-Ta))]t 

(21) 

and  a cross  bi-spectrum  of  i nput , i nput, input2 
which  is  defined  by  an  equation  of  the  form  of 
Eq .(19)  becomes  finally: 

0^(0*  >Ga)=J’J’R^T|(0()  R^-qW  Exp[  -i  (u^OfUDalJ)  ]dod|J 

= (22) 

Because  the  two-sided  scalar  spectra  are 
even  and  real,  (^(fy.Ga)  is  real  and  has  8-fold 
symmetry  in  the  bi-frequency  (wi.wg)  plane. 

Combining  Eqs.(20)  and  (22),  a second  basis 
for  an  identification  procedure  for  the  quadratic 
frequency  response  function  is: 

Cj:(l"i-W3,'"i+wa) 

GaK,*a)  - U3) 

Thus  this  estimate  for  the  quadratic  frequency 
response  function  is  the  ratio  of  cross-bi- 
spec  t rum  of  ( input , i nput , output)  to  the  cross-bi - 
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spectrum  of  ( i npu t , i npu t , ( i nput) 2) . (In  a similar 
way,  the  linear  frequency  response  function  can  be 
thought  of  as  the  ratio  of  input-output  cross 
spectrum  to  the  input-input  cross  spectrum.) 

CROSS-BI -SPECTRAL  ANALYSIS 

The  techniques  utilized  in  the  present  work 
for  the  estimation  of  cross-bi -spectra  from  ob- 
served data  are  covered  in  some  detail  in  Refer- 
ences [13]  and  _l4j,  and  are  summarized  in  l8j. 
These  techniques  are  analogous  to  the  Tukey  cor- 
relation methods  for  scalar  spectra  and  cross- 
spectra. As  such  they  are  probably  not  the  most 
computationally  economical,  but  were  straightfor- 
ward to  program  and  de-bug. 

Because  the  sample  is  necessarily  finite,  it 
is  possible  only  to  estimate  cross-b i -spec t ra I 
averages  rather  than  actual  densities: 

c(Hi,na)  = J,J,H(n3,n*)c(u1+n3>n3+n4)dR3dn4  (24) 

where  the  average  is  weighted  by  the  "cross-b i- 
spectral  window,"  H^a,^).  The  "window"  by 
analogy  with  scalar  spectrum  analys  s must  peak  at 
bi-frequency  (0,0),  fall  off  rapidly  elsewhere, 
and  remain  near  zero  far  away  from  the  peak.  As 
in  scalar  spectrum  analysis,  a too-broad  window 
"smudges"  the  estimates,  a too-narrow  window  in 
relation  to  sample  length  inflates  the  variance  of 
the  estimate,  and  the  optimum  choice  of  window 
width  depends  largely  upon  an  advance  knowledge  of 
the  answer. 

The  basic  cross-b i -spec t ral  estimating 
formula  as  derived  in  Reference  L 1 3 J is: 

- &t  3 m u 

C(0ltn3)  = l ■)  t £ (et  +eacosrtj  /m) 

'ei  +e2'  j =-m  k=-u 


Continuing  the  definitions: 


"P. 


N'  = the  number  of  possible  products 
s unmed 

W(n)  = the  input  time  series  corrected  to 
zero  sample  nean 

D(n)  = the  output  time  series  corrected  to 
zero  sample  mean 

Equation  (25)  may  be  seen  to  be  a discre- 
tized version  of  Eqs.(17)  and  (19)  with  two  lag 
window  factors  added  inside  the  summations.  Some 
studies  have  been  made  of  the  use  of  cross-bi - 
spectra  estimated  via  Eq.(25)  in  the  quadratic 
transfer  function  i den t i f i cat  ion  Eqs.(20)  or  (23), 
^13J,  . 14j,  l 1 5 J - These  were  made  with  the  help 
of  digitially  simu’ated  linear  plus  quadratic  pro- 
cesses. The  results  of  the  simulation  studies  may 
be  summarized  by  noting  that  the  major  problems  in 
the  cr^ss-b i -spectral  identification  technique  are 
of  the  same  type  as  in  cross-spectrum  identifica- 
tion. In  order  to  produce  statistically  precise 
estimates  of  the  quadratic  transfer  function, 
sample  size  needs  to  be  much  larger  than  that  re- 
quired for  cross-spectral  identification.  Esti- 
mates via  Eqs.(20)  or  (23)  are  likely  to  be 
highly  variable  outside  the  10%  power  band  of  the 
scalar  spectrum  of  either  input  or  output.  Fi- 
nally any  "hump"  in  the  cross-b i -spect rum  or  the 
quadratic  transfer  function  should  be  defined  by 
4 or  5 estimates  in  each  frequency  direction  if 
realistic  answers  are  to  be  expected. 


r PJ  pzk  1 

• (e1+eacos'Tk/u)  Exp| + iti^— — + — — Jj 

■ -V  £ W(n+j)W(n-j)D(n+k)  (25) 

N n 


This  equation  is  for  cross-b i -spect ral  averages 
over  a bi-spectral  window  which  is  essentially  a 
two-dimensional  Hamming  filter  as  defined  by  the 
product  of  terms  of  the  form  (e1+eacosnj /m)  with 
e^O.54  and  ea=0.46. 

In  the  equation  the  several  variables  are 
defined  as  fol lows : 

At  = the  sampling  interval  used  to  convert 
the  original  analog  time  histories 
into  time  series 

m = maximum  lags  in  difference  frequency 
(fJj ) d i rec  t i on 

u = maximum  lags  in  sum  (Cla)  frequency 
di rect ion 

As  in  scalar  spectrum  analysis,  the  maximum 
lag  refers  both  to  the  maximum  time  lag  used  in 
estimating  lagged  products  and  to  the  number  of 
intervals  into  which  the  principal  alias  of  the 
frequency  axis  is  divided.  In  the  present  work 
there  appeared  no  reason  to  make  the  lags  dif- 
ferent in  the  different  frequency  directions  and 
(u)  was  always  set  equal  to  (m) . 


EXPERIMENTAL  PROGRAM 

The  experimental  program  involved  for  the 
present  work  is  detailed  in  L 1 3 ] • The  main  ob- 
jective of  this  program  was  to  provide  long  sam- 
ples of  dynamic  ship  model  resistance  in  irregular 
waves.  Nominally  the  conditions  on  the  model  were 
only  that  it  be  restrained  in  surge,  move  at  con- 
stant speed,  and  that  resistance  measurements 
include  oscillatory  components  as  well  as  D.C.  A 
five-foot  Series  60  model  was  chosen  for  the  ex- 
periments (Parent:  Cg  = 0.60). 

The  test  program  involved  towing  the  model 
at  two  speeds  (Froude  Numbers  0.15  and  0.20)  in 
head  regular  and  irregular  waves  in  Davidson 
Laboratory  Tank  3 (300 1 xl 2 1 x6 1 ) . 

In  the  model  experiments  in  irregular  waves, 
three  model  sea  states  were  used.  Table  I has 
been  prepared  to  summarize  some  of  the  observa- 
tions in  terms  of  values  for  a 500-foot  ship.  The 
The  wave  conditions  cover  a good  part  of  the 
range  of  practical  interest. 

The  model  was  run  at  both  Froude  numbers  in 
each  of  the  three  seas.  For  each  of  the  resulting 
six  parameter  combinations,  enough  statistically 
independent  sample  was  generated  so  as  to  result 
in  between  600  and  900  wave  encounters  (depending 
upon  speed  and  sea  state) . 
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TABLE  I 

SUMMARY  OF  WAVE  PARAMETERS 
AND  MOTIONS  FOR  500-FOOT  SHIP 


(Beam  = 66.7  feet,  Draft  = 26.7  feet) 


Model  Sea  State 

A 

B 

C 

Sea  State 

(U.S.  Hydrographic  Office) 

4/5 

6 

7 

. _ . . , in- 

significant Wave  Height,  ft 

»9 

“18 

“33 

Significant  Pitch,  deg 

“3.5 

“ 7 

“13.5 

Significant  Heave,  ft 

“8 

“15 

“28 

Largest  Wave  Crest,  ft 

“10 

«18 

“33 

Largest  Heave 

Double  Amplitude,  ft 

“13 

“25 

“46 

Double  Amp  I i tudes 

FIRST  ANALYSES  OF  OBSERVATIONS 

The  analysis  of  the  experimental  irregular 
wave  data  was  carried  through  up  to  a point  in 
[13]  and  summarized  in  [8],  The  first  item  of 
analysis  was  essentially  the  same  as  many  other 
analyses  of  mean  resistance  in  irregular  waves; 
that  is,  the  comparison  of  the  observed  mean 
added  resistance  with  predictions  made  from  regu- 
lar wave  data  and  the  encountered  wave  spectrum 
in  accordance  with  Eq -(15) - The  observed  mean 
values  of  added  resistance  were  not  in  precise 
agreement  with  expected  values  estimated  on  this 
basis.  The  extreme  deviations  were  in  fact  plus 
or  minus  15%  to  30%,  about  twice  what  might  be  ex- 
pected on  the  basis  of  the  uncertainty  in  the 
regular  wave  results  [13].  Some  initial  studies 
on  the  statistical  variability  of  the  means  of 
samples  from  a simulated  quadratic  process  were 
carried  out  in  [15].  In  this  simulation  study 
the  total  sample  was  equivalent  to  about  10  times 
the  total  length  of  the  experimental  sample  (8000 
encounters  for  the  simulation).  Empirically  the 
variation  of  the  simulation  mean  appeared  to  be 
normally  distributed  for  partitions  of  this  sam- 
ple into  tenths;  and  the  90%  confidence  bounds  on 
the  mean  for  800  encounter  samples  was  estimated 
at  *14%  to  20%  according  to  the  normal  assumption. 
The  result  suggested  that  the  variability  of  the 
experimental  observations  relative  to  predictions 
is  as  seriously  affected  by  sampling  variability 
as  it  is  by  inaccuracy  in  regular  wave  data.  This 
at  present  remains  an  hypothesis. 

Estimates  made  from  the  data  with  standard 
techniques  of  the  scalar  spectrum  of  resistance 
showed  the  resistance  spectra  to  have  visible 
content  at  low  frequency  which  increased  rela- 
tively with  the  severity  of  the  sea,  as  would  be 
expected  from  the  second  term  in  Eq . ( 1 6) . However 
the  spectra  were  not  obviously  richer  as  expected 
in  the  second  harmonics  of  wave  frequency.  This 
inconclusiveness  was  probably  because  the  most 
significant  part  of  the  instantaneous  resistance 
added  by  waves  was  essentially  at  wave  encounter 
frequency  --  that  is,  appeared  to  be  a linear 
surge  exciting  force.  Standard  cross-spectrum 
analyses  were  performed  upon  the  experimental 
wave  and  resistance  time  series  in  [13J,  and  a 
linear  frequency  response  Gi  (id)  was  identified 


for  each  of  the  model  sea  states  of  the  experi- 
ment. The  estimates  from  the  various  sea  states 
collapsed  quite  well  and  were  in  fair  agreement 
with  regular  wave  results,  thus  demonstrating  the 
validity  of  the  linear  term  of  the  basic  model, 

Eq. (2)  . 

The  challenging  part  of  the  analyses  of  [13] 
was  to  identify  the  mean  added  resistance  operator 
from  the  test  results  in  irregular  waves.  As  a 
general  estimating  form,  Eq.(25)  for  the  cross-bi- 
spectrum has  the  advantage  that  it  can  be  manipu- 
lated to  form  a reasonably  efficient  estimator  for 
the  cross-bi -spectrum  along  a 1 i ne  of  constant 
or  in  the  bi-frequency  plane.  This  allowed  re- 
sults to  be  obtained  directly  for  the  case  of 
^3=0  or  1%=  -iua,  the  line  defining  the  mean  added 
resistance  operator,  G3(u),-w).  At  the  time  of 
publication  of  [8],  only  the  Eq.(20)  was  known  as 
an  identification,  and  this  was  employed. 

The  results  given  in  [8]  and  [13]  showed 
that  the  identification  of  the  mean  added  resist- 
ance operator  from  irregular  wave  data  was  possi- 
ble. The  estimates  obtained  from  the  data  in  the 
various  sea  states  collapsed  rather  well,  scatter 
from  sea  state  to  sea  state  was  of  the  same  magni- 
tude as  the  estimated  uncertainty  in  the  combined 
results  of  regular  wave  experiments,  and  this  was 
considered  a happy  result  since  the  model  sea 
states  covered  much  of  the  range  of  severity  that 
is  important  in  practice.  The  results  identified 
from  irregular  wave  data  did  not  agree  precisely 
with  those  from  regular  waves.  However  the  simu- 
lation studies  of  [15]  indicated  the  90%  confi- 
dence bounds  on  the  estimates  of  GsJw.-u))  for  the 
800  wave  encounter  sample  size  to  be  in  the 
neighborhood' of  0.8  and  1.33.  On  this  basis,  the 
differences  between  the  estimates  from  regular 
and  irregular  wave  experiments  did  not  appear  to 
be  so  significant  statistically. 

At  the  conclusion  of  the  work  sunmarized  in 
[8],  it  was  evident  from  the  first  results  of 
cross-b i-spectral  analysis  that  the  mathematical 
model  Eq.(2)  had  promise  and  might  be  explored 
further.  It  was  also  painfully  evident  from  the 
results  of  the  simulation  analyses  that  no  advance 
in  practical  towing  tank  data  reduction  technique 
had  been  made.  In  order  to  achieve  accuracy  in 
mean  added  resistance  operator  of  the  order  of 
*15%,  sample  sizes  were  required  about  an  order  of 
magnitude  larger  than  that  required  for  identifi- 
cation of  linear  operators.  In  most  instances 
this  would  represent  a decrease  rather  than  an  in- 
crease in  efficiency. 

The  development  in  Reference  [14]  of  the 
identification  technique  defined  by  Eq.(23)  gave 
rise  to  more  empirical  work  with  the  simulations. 
The  results  indicated  that  Eq . ( 23)  was  somewhat 
superior  to  Eq.(20)  with  respect  to  sampling 
variability,  though  the  practical  conclusions 
above  are  not  changed.  Figure  4 is  the  result  of 
a re-analysis  of  experimental  data  for  Fn-0.15, 
using  Eq . (23)  as  an  identification  method. 

To  summarize  the  contents  and  notation  of 
the  figure:  Ga(CTe,-<Je)  is  the  mean  added  resist- 
ance operator  for  encounter  frequency  ce  . The 
operator  is  non-dimensional;  that  is,  model  re- 
sistance was  divided  by  model  displacement  and 
wave  elevation  was  divided  by  model  length  so  that 
in  terms  of  the  more  familiar  mean  added  resist- 
ance (R^)  in  regular  waves  of  height  ( h) ; 

RALa 

Ga(oe,-oe)  - 8 jJSj 

where 
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L is  model  length 
A is  model  displacement 

The  non-dimensional  encounter  frequency  is  defined 
as 


a 


e 


iue/u) 


1L 


where 


iv 

e 


= encounter  frequency,  rad/sec 

= frequency  of  a wave  of  mode  I 

= V2ng/l 


length 


Estimates  involving  cross  bi-spectral  estimates 
less  than  10%  of  peak  have  been  omitted.  The 
noted  sea  states  coincide  with  those  of  Table  1. 
Finally,  the  so-called  "regular  wave  envelope"  is 
an  indication  of  the  scatter  of  the  mean  added 
resistance  operator  obtained  from  tests  in  regular 
waves. 

The  purpose  of  this  particular  presentation 
is  to  indicate  about  how  good  (or  bad)  the  cur- 
rently best  mean  operator  identification  technique 
is  with  respect  to  regular  wave  data. 

One  additional  exercise  in  the  identifica- 
tion of  the  added  resistance  operator  was  carried 
out.  The  basic  reason  for  the  exercise  was  re- 
lated to  an  experimental  problem.  This  was  that 
the  experimental  wave  elevations  had  been  meas- 
ured a wave  length  ahead  of  the  model,  thus  in- 
jecting a considerable  frequency  dependent  phase 
shift  between  wave  and  model  response.  In  [13] 
large  phase  shifts  were  found  to  produce  closely 
packed  ripples  in  both  real  and  imaginary  parts  of 
the  quadratic  frequency  response  function.  This 
condition  produced  severe  resolution  problems  in 
cross-bi-spectral  estimates  from  a finite  amount 
of  data  because  of  the  previously  mentioned  neces- 
sity of  defining  any  hump  by  4 or  5 estimates  in 
each  frequency  direction.  One  solution  (but  not 
necessarily  a best  solution)  to  the  problem  (input 
time  shifting)  was  found  in  [13]. 

An  alternate  approach  to  the  problem  was  as 
follows:  If  the  conventional  assumptions  are 
made  that  heave  is  a linear  function  of  wave  ele- 
vation, and  that  mean  added  resistance  is  impor- 
tantly related  to  ship  motions,  then  the  hypothesis 
may  be  made  for  analysis  (Referring  to  Figure  2) 
that  the  linear  heave  system  acts  upon  wave  input 
to  produce  heave,  and  a non-linear  system  acts 
upon  heave  to  produce  resistance.  Accordingly,  if 
this  is  true,  the  result  of  a cross-bi-spectral 
identification  of  mean  added  resistance  operator 
with  respect  to  heave  may  be  converted  to  an  opera- 
tor with  respect  to  wave  by  utilizing  the  cascade 
relationship,  Eq .(11).  In  this  approach  the  ef- 
fects of  phase  shift  between  wave  and  response  are 
concentrated  in  the  linear  heave  frequency  re- 
sponse function. 

Some  exploratory  analyses  of  data  sufficed 
to  show  that  for  present  purposes  the  approach  was 
inferior  to  the  time  shifting  technique  developed 
in  [13].  The  residual  fluctuations  in  the  quadratic 
response  functions  were  not  significantly  differ- 
ent, the  extent  of  coverage  of  the  bi-frequency 
plane  with  valid  estimates  was  less  because  heave 
is  a narrower  band  process  than  wave,  and, finally, 
the  heave  frequency  response  function  as  deduced 
by  cross-spectrum  analysis  from  the  present  ex- 
perimental data  was  somewhat  non-linear  --  thus 
violating  the  Initial  assumption.  Figure  5 is  an 
example  of  the  result  of  the  approach  as  applied 
to  estimation  of  mean  added  resistance  operator. 


Notation  and  conventions  in  this  figure  are  iden- 
tical to  that  of  Figure  4.  The  range  of  frequency 
where  the  estimates  were  thought  worth  plotting 
is  smaller  in  Figure  5 than  that  resulting  from 
the  original  method,  Figure  4.  The  nunl ineari ties 
in  heave  are  thought  to  produce  the  systematic 
variation  with  sea  state  near  the  peak.  However 
in  the  range  of  frequency  between  0.9  and  1.2  or 
1.3,  the  agreement  with  regular  wave  results  is 
comparable  to  that  shown  in  Figure  4. 

The  fact  that  this  indirect  estimating  ap- 
proach works  at  all  suggests  that  it  may  be  worth 
exploring  in  some  special  applications.  For  in- 
stance, there  does  not  appear  to  have  been  any 
direct  correlation  between  the  added  thrust  ob- 
served in  model  tests  and  that  observed  full  scale. 

It  is  thought  possible  that  a cross-bi- 
spectral  analysis  of  observed  tot  a 1 full-scale 
thrust  with  heave  acceleration  as  "input"  could  re- 
sult in  estimates  of  added  thrust  operators  re- 
ferred to  heave  acceleration  over  at  least  a por- 
tion of  the  encounter  frequency  scale.  These 
estimates  might  in  turn  be  directly  compared  to 
observations  in  towing  tank  experiments  in  regular 
waves,  or  with  theory. 

IDENTIFICATION  OF  THE  COMPLETE  QUADRATIC 
FREQUENCY  RESPONSE  FUNCTION 

Cross-B i -Spectra 


The  work  in  [13]  and  the  initial  stages  in 
[14]  were  confined  to  the  exploration  of  selected 
bits  of  the  quadratic  frequency  response  function. 
The  initial  reluctance  to  try  the  identification 
of  the  function  in  general  was  partially  based 
upon  economics  (complete  implementation  of  Eq.(25) 
is  expensive)  and  upon  the  fact  that  there  were  no 
prior  experimental  or  theoretical  results  with 
which  to  compare  answers  except  along  the  line  de- 
fining the  mean  added  resistance  operator.  (At 
this  writing,  this  is  still  the  situation.) 

Part  of  the  rationalization  for  trying  the 
general  identification  was  that  data  were  avail- 
able for  three  experimental  seas  covering  a good 
part  of  the  range  of  practical  interest.  The  i- 
den tified  quadratic  frequency  response  should  be 
invariant  with  sea  state  if  the  basic  mathematical 
model  is  valid. 

The  first  part  of  the  operation  was  the  com- 
putation of  cross-bi-spectra  of  both  types ,Eqs. ( 19) 
and  (22).  Three  sets  were  estimated  from  the  ex- 
perimental data  obtained  at  Froude  number  0.15, 
one  set  for  each  model  sea  state,  Table  1.  The 
methods,  based  upon  Eq.(25),  are  detailed  in  [14]. 

According  to  Reference  [13]  the  optimum  time 
shift  of  the  wave  data  to  minimize  cross-bi- 
spectral  fluctuations  was  18  points  for  Froude 
number  0.15.  This  shift  was  employed  throughout 
the  analysis.  The  direction  of  the  shift  was  such 
that,  after  shifting,  a resistance  observed  at 
time  (nAt)  was  paired  with  a wave  elevation  at 
time  (n-l8)At. 

The  Nyquist  frequency  for  the  data  is 
Of  " n/At  = 7.49.  B i -frequencies  outside  the 
principal  range  (-0 fs  cr1s  Of  ; -OyS  Ogi  Of)  are 
aliased  with  those  inside.  (For  convenience,  the 
"e"  in  non-dimensional  encounter  frequency  has 
been  dropped;  all  frequencies  under  discussion 
henceforth  are  encounter  frequencies.)  The  prin- 
cipal alias  of  the  bl-frequency  (ox ,a3)  plane  is 
indicated  in  Figure  6.  In  the  analysis  It  has  to 
be  insured  in  some  way  that  the  sampling  interval 
is  sufficiently  short  (thus  the  folding  frequency 
is  sufficiently  high)  so  that  the  cross-bi- 
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spectrum  is  negligible  outside  the  principal  alias. 

A theoretical  result  due  to  Bril  linger  and 
Rosenblatt  [16]  is  basic  to  making  the  foregoing 
come  true.  |f  the  scalar  spectrum  of  either  input 
or  output  is  negligible  at  vQ  ,the  cross-b i -spec- 
trum must  also  be  negligible  at  b i -frequencies 
involving  aQ.  For  practical  purposes,  the  scalar 
spectrum  analyses  of  C 1 3 -i  showed  that  the  wave 
spectra  for  the  cases  of  interest  could  be  con- 
sidered negligible  beyond  a = Or/ 2,  and  that  the 
resistance  spectra  were  negligible  beyond  a 
slightly  higher  frequency.  Accordingly,  in  the 
present  case,  the  portion  of  the  bi-frequency  plane 
which  needs  to  be  resolved  is  bounded  approximately 
by  or  cr2  equal  to  ±CTf/2.  This  region  is  in- 
dicated by  the  dashed  line  box  in  Figure  6. 

The  basic  symmetry  properties  of  the  cross- 
bi-spectrum  are  the  same  as  those  of  Ga(u^  ,i%) 
noted  earlier.  Accordingly  the  quadrant  selected 
for  analysis  is  that  including  the  positive  ot 
axis.  Since  the  non-d imens iona I i zat i on  of  fre- 
quency involves  only  a scale  factor,  a may  be  sub- 
stituted for  u>  in  all  previous  equations.  In 
particular  Eq . ( 1 2)  becomes: 

= °i  -Os 

Qs  = CTj+02  (26) 

The  difference  and  sum  frequency  plane  is  shown 
mapped  into  the  (Oj  ,a2)  plane  in  Figure  6.  The 
Nyquist  frequency  (a^)  for  the  ,C12  plane  is  nu- 
merically identical  to  that  for  the  Oj  ,a2  plane. 
Part  of  the  principal  alias  of  the  ,Qa  plane  is 
indicated  in  Figure  6 by  the  lines  Cl a=Oj:  and 
^i=af-  These  lines  and  the  G[  ,fi2  axes  define  the 
domain  of  the  cross-b i-spectrum  computations.  This 
domain  was  resolved  into  50  frequency  intervals  in 
both  directions  so  that  the  real  and  imaginary 
parts  of  the  cross-bi-spectra  were  each  repre- 
sented by  (51)2  estimates  of  averaged  cross-bi- 
spectral  density. 

According  to  the  previous  considerations, 
the  cross-bi-spectra  for  the  present  problem 
should  be  negligible  far  to  the  right  of  the  line 
o=Of/2  in  Figure  6, that  is,  in  the  region  of  the 
Cli.Cla  plane  where  (Q1+Q3)>  Of.  In  all  the  compu- 
tations made,  values  in  this  region  were  typically 
much  less  than  1%  of  the  computed  peak  absolute 
value  of  the  cross-bi -spect ra. 

In  order  to  aid  in  visualization  of  cross- 
bi-spectra,  some  isometric  plotting  was  done.  The 
set  of  results  for  sea  state  B are  typical  and  are 
shown  in  Figures  7 and  8.  The  "view"  is  toward 
the  origin  from  the  positive  CTj  axis  (Figure  6). 
This  puts  the  difference  frequency  (flx)  axis  to 
the  left  and  the  sum  frequency  (Cla)  axis  to  the 
right.  The  lines  are  in  the  nature  of  section 
lines,  each  intersection  corresponds  to  an  esti- 
mated point.  Figure  7 is  a sketch  of  the  modulus 
of  the  wave, wave, res i stance  cross-bi -spect rum, and 
Figure  8 shows  the  real  part  of  the  wave, wave, 
(wave)2  cross-b i -spectrum.  The  vertical  scales 
involve  non-dimensional  time,  length  and  force 
(length2  force  sec2  in  Figure  7,  and  length4  sec2 
in  Figure  8) . 

There  is  a pronounced  right-to-left  symmetry 
in  Figure  8.  In  theory  (Eq.22),  the  symmetry 
should  be  exact.  There  is  also  a reasonably  tri- 
angular domain  of  significance  of  each  side  of  the 
function  and  this  is  also  to  be  expected  from 
Reference  [|6J. 

Figure  7 shows  a much  more  complicated 
picture.  There  is  only  a vague  right-to-left  sym- 
metry. There  are  multiple  peaks  in  general  and  a 


visible  "mountain  range"  corresponding  to  a sum- 
frequency  (Qa)  of  around  unity.  Because  both  the 
real  and  imaginary  parts  of  this  cross-b i -spectrum 
contain  significant  estimates  which  are  not  all 
positive  or  negative,  Figure  7 amounts  only  to  a 
partial  indication  of  the  nature  of  the  result. 

The  detail  of  the  cross-bi-spectral  results  are 
given  in  [14],  The  semi -osci 1 1 at  ions  of  these 
results  in  the  bi-frequency  plane  were  defined  by 
between  3 and  10  estimates,  and  thus  the  input 
time  shifting  gambit  was  concluded  to  be  success- 
ful enough.  As  expected,  there  was  a two  order 
of  magnitude  difference  between  the  results  com- 
puted from  sea  state  A and  those  of  sea  state  C. 

Quadratic  Frequency  Responses 

The  identification  of  the  quadratic  frequen- 
cy response  function  Ga(c\  ,a2)  is  given  by  Eq . ( 23); 
that  is,  the  function  is  the  ratio  of  the  complex 
conjugate  of  the  wave, wave, res  is tance  cross-bi- 
spectrum to  the  wave, wave, (wave)2  cross-bi-spec- 
trum.  This  operation  was  carried  out  for  the 
three  sea-states  with  the  convention  that  no  esti- 
mate was  to  be  formed  if  the  value  of  the  wave, 
wave, (wave)2  C.B.S.  was  less  than  10%  of  its  peak. 
The  results  are  presented  in  Figure  9 through  14 
(Figures  9 and  10  are  real  and  imaginary  parts  of 
Ga  (c^  ,a2)  for  sea  state  A;  Figures  11  and  12  are 
those  corresponding  to  sea  state  B.and  Figures  13 
and  14  pertain  to  sea  state  C) . These  figures 
are  semi-tabular  charts.  The  convention  is  that 
the  magnitude  of  the  function  is  indicated  by  a 
number  "plotted"  at  the  appropriate  position  in 
the  bi-frequency  plane.  The  applicable  portion  of 
the  basic  (a,  ,a2)  bi-frequency  plane  is  indicated 
by  the  q ,a2  axis  system.  The  corresponding  por- 
tion of  the  difference/sum  frequency  plane  (fi^.fta) 
is  mapped  into  the  basic  bi-frequency  plane.  The 
portion  of  the  planes  shown  corresponds  to  the 
left  half  of  the  area  labeled  "domain  of  cross- 
bi-spectrum  computations,"  Figure  6.  Lines  of 
symmetry  are  noted.  All  frequencies  are  con- 
sidered to  be  in  the  encounter  domain.  In  the 
figures,  blank  space  indicates  either  that  the 
magnitude  of  the  estimate  is  unity  or  less,  or 
that  the  wave,wave(wave)2  C.B.S.  was  less  than  10% 
of  peak  value.  Contours  are  sketched  in  for  the 
zero  level  only. 

An  overview  of  Figures  9 through  14  indi- 
cates that  the  estimated  function  Ga(a4  ,a2)  ap- 
pears to  be  fairly  complicated.  There  appear 
humps  and  hollows,  and  significant  values  near 
the  10%  wave, wave, (wave)2  truncation  line.  How- 
ever, in  contrast  to  the  cross-b i -spectra,  the 
order  of  magnitude  of  estimates  at  corresponding 
bi-frequencies  is  the  same  for  all  three  sea 
states.  The  values  along  the  line  aa=  -a  have 
in  fact  been  compared  previously  (Figure  4). 

Discuss i on  of  Resul ts 

The  quadratic  frequency  response  function 
depicted  involves  the  quadratic  relation  between 
resistance  and  the  sh i f ted  wave  elevation.  The 
first  obvious  possibility  to  aid  in  explaining 
all  the  humps  and  hollows  is  the  correction  of 
wave  phase  so  that  the  function  represents  the  re- 
lation between  resistance  and  the  wave  at  model 
LCG ■ The  basis  for  the  correction  is  detailed  In 
Reference  [13]  and  involves  applying  Eq .(II)  with 
H(uu)  = l and  F (uu)  equal  to  the  transfer  function 
between  sh i f ted  wave  and  wave  elevation  at  LCG. 
This  correction  was  applied  to  all  the  data.  The 
result  (not  shown)  was  that  the  positions  of  the 
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zero  contours  and  the  relative  magnitudes  of  real 
and  imaginary  parts  were  somewhat  changed.  The 
resulting  estimates  of  the  function  were  just  as 
complicated  however.  For  later  purposes  it  was 
convenient  to  retain  the  convention  that  the  input 
to  the  system  was  the  shifted  wave  elevation. 

From  the  discussion  of  Eq.(9)  it  may  be 
shown  that  the  absolute  values  of  the  (o^  ,cr2) scale 
frequencies  in  Figures  9-14  are  associated  with 
the  two  real  positive  i nput  frequencies  in  the 
dual  excitation  experiment.  The  U3  scale,  as 
mapped  in  Figures  9-14,  corresponds  to  the  possi- 
ble frequencies  which  can  be  generated  by  the 
quadratic  non-linearity. 

In  general,  there  are  an  infinite  number  of 
combinations  of  input  frequency  components  which 
will  yield  a given  output  frequency  component.  A 
non-linear  output  component  of  frequency  1.5,  for 
example,  can  be  the  second  harmonic  of  excitation 
of  0.75,  or  the  result  of  interactions  between 
pairs  of  components;  i.e.,  1.0, 0.5;  2.0,0.5;2.5, 
1.0;  etc. 

In  accordance  with  the  above,  it  is  of  some 
advantage  to  consider  the  estimates  of  Gaft^  ,a2) 
for  the  three  sea  states  for  different  bands  of 
non-linear  output  frequency,  fl2. 

The  first  band  of  frequency  to  be  considered 
is  that  above  Q2  55  2.8.  |n  this  output  frequency 
band  the  scalar  spectra  of  Reference  [13]  indicate 
a quite  significant  peak  centered  on  a frequency 
of  about  3.2  for  sea  state  A,  a less  significant 
peak  in  sea  state  B,  and  a nearly  insignificant 
peak  for  sea  state  C.  As  outlined  in  Reference 
[ 1 3 J » this  frequency  corresponded  to  a carriage 
drive  induced  noise  which  appeared  to  be  tank  po- 
sition dependent  and  had  no  obvious  correlation  to 
waves.  Longitudinal  vibrations  of  the  carriage 
necessarily  accelerated  the  restrained-in-surge 
model  and  thus  injected  a spurious  resistance  sig- 
nal. It  may  be  seen  from  Figures  9 and  10  that 
peaks  in  the  estimated  values  of  Gafttj  ,o2)  near 
the  line  Q2=3.2  are  more  than  twice  the  magnitude 
of  the  mean  added  resistance  operator,  Figure  A. 
In  the  results  for  sea  state  B (Figs. 1 1 , 12) , the 
largest  peaks  are  somewhat  smaller  than  the  peak 
mean  added  resistance  operator.  No  data  are 
shown  in  Figures  13  an d 14  (sea  state  C)  in  this 
region  because  the  excitation  was  too  low.  The 
cross-bi -spectrum  of  sea  state  C also  has  no  in- 
dication of  peaks  in  this  range.  On  an  empirical 
basis  the  estimates  of  Ga(oj  ,a2)  near  the  line 
fts=3 . 2 appear  to  behave  as  the  scalar  spectra; 
that  is,  to  be  influenced  by  the  spurious  noise 
of  this  frequency  known  to  be  in  the  observed  re- 
sistance data.  As  outlined  in  Reference  LI3J, 
the  longitudinal  vibrations  of  the  carriage  were 
monitored  by  accelerometer  during  the  experiments 
and  an  approximate  calibration  of  the  channel  was 
made  in  terms  of  apparent  resistance.  To  confirm 
the  above  observations,  the  estimated  vibration 
induced  resistance  was  subtracted  from  the  ob- 
served resistance  for  the  sea  state  A data.  The 
resulting  time  series  was  subjected  to  an  explor- 
atory cross-bi-spectrum  analysis  along  a line 
parallel  to  the  Q®  axis,  and  the  resulting  esti- 
mates for  the  quadratic  transfer  function  con- 
firmed that  the  peaks  along  the  fi2  » 3.2  line 
(Figs. 9, 10)  were  mostly  due  to  the  longitudinal 
carriage  vibration. 

Some  theoretical  cons iderat ion  was  given  to 
the  expected  influence  of  noise  in  the  output  on 
c ross-b i -spec t ra 1 estimates.  The  essence  of  the 
results  is  that:  a)  if  the  noise  is  linearly  re- 
lated to  wave,  there  should  be  no  influence  on 
cross-b i -spectral  estimates,  b)  if  the  noise  is  a 


quadratic  function  of  wave  (in  the  sense  of  Eq.2), 
the  estimates  of  Ga(<4  ,o2)  from  cross-bi-spectral 
analysis  should  be  invariant  with  wave  severity, 
and  c)  if  the  noise  is  random  and  statistically 
uncorrelated  with  wave,  there  should  be  no  influ- 
ence on  the  estimates.  Thus,  there  should  be  no 
carriage  vibration  induced  peaks  along  the  line 
[}2  3.2.  The  or  i gins  of  thi  s anomalous  result  are 

not  clear.  The  raw  longitudinal  vibration  data 
appeared  to  be  a randomly  modulated  sine  wave  with 
superimposed  effects  of  occasional  rail  joint  im- 
pacts and  the  subsequent  vibratory  decay.  Perhaps 
the  noise  violates  the  usual  random  process  assump- 
tions, or  perhaps  the  problem  is  due  to  too  short 
a sample.  In  either  event,  it  has  to  be  concluded 
that  the  results  presented  in  Figures  9-14  for  sum 
frequency  (02)  greater  than  2.8  or  3-0  cannot  be 
believed  as  relating  to  added  resistance. 

The  next  band  of  output  frequency  (U2)  which 
can  be  considered  is  that  between  2 and  3.  This 
is  the  band  where  the  cross-bi-spectral  estimates 
were  most  significant.  A comparison  of  the  results 
for  the  three  sea-states  between  02  = 2 and  2.8 
indicates  some  relatively  good  correlation.  The 
real  parts  of  the  function  for  sea  states  A and  B 
(Figs. 9, 11)  appear  to  be  very  much  the  same,  at 
least  within  the  sort  of  tolerance  indicated  for 
the  added  resistance  operator,  Figure  4.  The 
shape  of  the  real  part  of  the  function  for  sea 
state  C (Fig. 13)  is  correct  but  the  magnitudes  are 
20%  or  30%  lower  on  average.  Correlation  of  the 
imaginary  parts  in  this  frequency  band  is  reason- 
able throughout. 

The  correlation  across  sea  state  in  the  last 
frequency  band  (02  < 2)  in  the  upper  octant  of 
Figures  9-14  is  only  fair.  The  signs  and  magni- 
tude of  the  functions  are  more  or  less  the  same 
near  D2=2  but  scatter  and  inconsistency  is  shown 
near  the  edges  of  the  area  shown.  Despite  the 
fact  that  the  wave, wave, (wave)*  cross-bi-spectra 
are  significant  in  this  region,  the  wave, wave, re- 
sistance cross-bi -spectra  are  generally  less  than 
10%  of  peak  modulus,  and  on  this  basis  much  of  the 
scatter  in  this  region  may  be  ascribed  to  sampling 
variabi 1 i ty. 

Because  this  may  be  nearly  the  first  time 
that  a quantification  of  high  frequency  added  re- 
sistance response  has  been  attempted,  there  exists 
no  independent  theoretical  or  experimental  guid- 
ance about  what  the  quadratic  frequency  response 
function  really  should  look  like  in  the  upper 
octant.  However,  where  the  analysis  is  most  re- 
liable, the  estimates  of  the  quadratic  frequency 
response  function  appear  more  or  less  invariant 
with  sea  state,  and  the  magnitudes  are  approxi- 
mately the  same  as  that  of  the  added  resistance 
operator.  Figure  4.  Intuitively,  a sort  of  sym- 
metry of  second  harmonic  response  with  the  added 
resistance  operator  might  be  expected  just  from 

the  form  of  the  tri qi nometric  identities  for  sin* 
a y 

and  cos  . 

In  discussion  of  the  low  frequency  response 
represented  in  the  lower  octants  of  Figures  9-14, 
it  is  convenient  to  consider  two  output  frequency 
bands : 0 s ()j  < 0.5,  and  0.5  < O3  < 1.5.  The 

former  band  is  nearly  completely  below  the  wave 
frequency  excitation  band,  and  the  latter  corre- 
sponds to  the  significant  band  of  resistance 
scalar  spectral  density. 

Taking  the  lowest  band  of  output  frequencies 
first  (0  s n2  < 0.5) , a compar i son  of  Fi gures  9, 

II  and  13  indicates  as  good  a general  correlation 
over  sea  state  for  the  real  part  of  the  function 
as  is  displayed  in  Figure  4 for  the  values  at 
U2=0 . For  values  in  the  region  14  = I to  2,  the 
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magnitude  is  correct  and  the  details  are  wrong, 
but,  as  in  the  symmetrically  located  region  of  the 
upper  octant,  the  wave .wave, res i stance  cross-bi- 
spectra are  quite  low  in  this  region,  and  sampling 
variability  problems  may  be  suspected.  The  10% 
truncation  point  for  the  wave, wave, (wave)8  cross- 
bi-spectrum  limits  the  correlation  possibilities 
for  high  ( F i gs .9,11,13).  It  is  most  encourag- 

ing to  note  the  magnitude  of  the  values  between 
0t=4  and  5 in  Figure  9 for  sea  state  A.  These 
correspond  to  added  resistance  in  very  short  regu- 
lar waves  and  compare  very  well  quantitatively 
with  results  presented  by  Strom-Tejsen,  et  al  [17J. 

The  imaginary  parts  of  the  function  (Figs. 10, 
12,14)  do  not  correlate  as  well  from  sea-state  to 
sea  state  in  this  low  frequency  region  (0  sfls<0.5). 
Most  of  the  values  shown  are  low,  often  of  the 
order  of  the  differences  in  real  part  from  sea- 
state  to  sea  state.  The  positions  of  the  main 
zero  level  contours  correlate  reasonably  however. 

The  last  region  of  output  frequency  to  .->e 
discussed  for  the  lower  octant  is  that  from 
Cla  =0.5  to  1.5.  Considering  the  real  part  first 
( F • gs -9,11,13).  it  may  be  seen  that  there  are  some 
significant  correlation  problems.  In  Figure  9 
(sea  state  A)  there  is  a negative  region  centered 
upon  o^=2.2,  aa=-1.5  where  the  magnitude  is  5 
times  that  of  the  peak  added  resistance  operator. 

In  Figure  11  (sea  state  B)  the  corresponding 
region  is  only  about  equal  to  the  added  resistance 
operator.  No  data  are  presented  in  Figure  13  (sea 
state  C)  for  this  region  because  of  lack  of  exci- 
tation. In  this  region  of  the  bi-frequency  plane 
there  is  a clear  discrepancy.  Unfortunately  the 
magnitude  of  the  wave, wave, (wave)8  cross-bi- 
spectra is  only  about  15%  of  peak  in  this  region 
and  the  wave, wave, res i stance  cross-b i -spectra  are 
either  small  or  involve  undulations  defined  only 
by  about  3 estimates.  Accordingly,  it  is  not  at 
all  clear  if  the  significant  values  indicated  in 
Figure  9 are  really  indicating  a strong  interac- 
tion between  input  frequencies  of  2.2  and  1.5,  or 
whether  the  result  is  due  to  problems  of  analysis 
or  sample. 

Shifting  view  toward  the  fia  axis,  there  ap- 
pears a strong  positive  hump  centered  approximately 
on  c^=2,  aa=-l . In  this  case  the  results  for  the 
real  part  from  sea  states  A and  B agree  reasonably 
well.  The  imaginary  parts  do  not,  but  the  modulus 
(not  shown)  does  agree  quite  closely.  Few  re- 
sults for  sea  state  C are  presented  in  this  region, 
those  that  are  were  derived  from  cross-bi-spectral 
estimates  of  borderline  significance.  In  this 
case  then,  the  correlation  between  the  results 
from  two  sea-states  indicates  a significant  inter- 
action between  input  frequencies  of  1 and  2.  Nu- 
merically, the  peak  near  the  line  fl1=3  raises  sus- 
picion. There  should  be  no  influence  of  drive 
noise,  and  according  to  the  discussion  of  Eq.(9) 
the  strong  peak  in  the  function  at  <^=2,  oa=-l 
pertains  to  output  at  a frequency  of  1.0,  not  the 
known  noise  frequency,  3.2.  Because  the  analysis 
of  the  upper  octant  in  Figures  9-14  indicated  some 
surprises,  similar  side  investigations  were 
carried  out.  First,  the  observed  resistance  sig- 
nal for  sea  state  A was  corrected  for  carriage 
acceleration  as  was  done  for  the  upper  octant,  and 
the  resulting  time  series  was  subjected  to  explor- 
atory cross-bi-spectral  analysis  along  the  line 
Ox'3.14.  The  results  were  precisely  as  expected 
from  Eq.(9)  and  discussion  — the  noise  had  no  ap- 
parent influence  upon  the  values  of  estimated 
Gs(°i  ,<Ta)  along  C\=3.14.  Secondly,  a cross-bi- 
spectral  analysis  was  carried  out  for  sea  state  A 
along  the  same  line  but  with  the  carriage 


acceleration  considered  the  output.  The  values  of 
the  resulting  cross-bi-spectrum  (scaled  to  repre- 
sent resistance)  are  a correction  to  the  wave, wave, 
resistance  cross-bi-spectrum  if  the  noise  is  cor- 
related with  wave.  The  results  of  this  analysis 
were  quite  small  relative  to  the  wave, wave, res i st- 
ance cross-bi-spectra,  and  this  investigation  too, 
failed  to  disqualify  the  hump  under  consideration 
as  relevant  to  added  resistance. 

The  remainder  of  the  values  of  Ga(oj  ,<7a) 
shown  in  the  Cla  band  from  0.5  to  1.5  were  derived 
from  regions  of  sharply  decreasing  values  of  wave, 
wave, (wave)8  cross-bi -spectra  and/or  relatively 
low  values  of  wave, wave, res istance  cross-bi -spectra. 
The  most  that  can  be  said  about  the  results  in  this 
region  (0.5  < Ua  < 1.5:  Cli  < 2.5)  is  that  there  is 
an  occasional  family  resemblance.  The  correlation 
across  sea  state  is  not  really  very  good. 

On  the  whole,  in  both  octants,  correlation 
between  the  results  for  the  different  sea-states 
appears  reasonably  good  only  where  both  the  cross- 
bi-spectra  involved  are  quite  appreciable,  say 
about  25%  of  peak.  The  quadratic  transfer  func- 
tion appears  to  be  a fairly  complicated  affair  -- 
more  complicated  in  fact  than  can  be  reliably  de- 
termined from  the  present  set  of  data.  Despite 
this,  the  very  fact  that  empirical  collapse  was 
obtained  for  a number  of  prominent  features  of  the 
function  adds  evidence  that  Eq.(2)  is  a valid 
representation  for  added  resistance. 


The  overall  plan  for  the  next  portion  of  the 
work  was  to  reverse  the  identification  process; 
that  is,  to  use  the  various  estimates  for  the  fre- 
quency response  functions  to  estimate  the  corre- 
sponding time  domain  kernels,  and  with  these  to 
compute  added  resistance  in  the  time  domain  for 
comparison  with  the  experimental  data. 

Given  the  results  of  the  last  section,  some 
rather  arbitrary  decisions  had  to  be  made  about 
which  estimates  of  Ga  (c^  ,oa)  to  use.  Those  from 
sea  state  A cover  the  largest  portion  of  the  bi- 
frequency plane  and  would  be  preferred  from  this 
point  of  view.  However,  the  results  from  sea 
state  A also  contain  the  largest  contributions  due 
to  noise  and  the  largest  unexplained  and  suspicious 
hump.  The  cleanest  looking  results  are  from  sea 
state  C,  but  the  coverage  of  the  bi-frequency 
plane  is  quite  restricted.  A partial  rationali- 
zation of  which  course  to  take  was  afforded  by 
considering  which  portions  of  the  bi-frequency 
plane  are  most  important  to  the  added  resistance 
problem.  The  clear  answer  here  is  the  portion  of 
the  plane  corresponding  to  frequencies  below  the 
lowest  exciting  wave  frequency.  Very  low  fre- 
quency fluctuations  in  resistance  or  thrust  are 
observed  full  scale.  What  bearing  high  frequency 
fluctuations  in  resistance  have  on  any  aspect  of 
the  practical  problem  is  not  clear. 

As  noted  in  the  last  section,  the  correla- 
tion of  estimated  quadratic  frequency  response 
function  (Figs. 9-14)  was  best  below  wa=0.5  and 
this  region  of  frequency  is  below  the  significant 
range  of  wave  excitation  frequency.  A systematic 
way  of  transforming  the  estimated  quadratic  fre- 
quency response  function  is  afforded  by  Ep .(11). 

If  the  function  is  multiplied  by  a transfer  func- 
tion H(ol+oa),  this  is  equivalent  to  the  filtering 
of  the  output  by  a filter  with  transfer  function 
H(o) . It  is  clear  then  from  Figures  9 through  14 
that  a filter  which  attenuates  output  to  1%  or  2% 
above  a non-dimensional  frequency  of  unity  has  the 
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practical  effect  of  discarding  the  entire  upper 
octant  of  the  bi-frequency  plane,  and  with  it  all 
the  high  frequency  response  of  any  origin.  In 
addition,  such  a filter,  if  it  is  practically 
realizable,  will  significantly  attenuate  frequen- 
cies between  0.5  and  1.0,  and  thus  a good  deal  of 
the  troublesome  peak  in  estimated  Ga^  ,oa)  (°i  =2.2 
and  aa=-1.5)  would  also  be  eliminated. 

In  order  to  proceed  along  the  above  lines 
and  yet  be  able  to  correlate  eventual  time  domain 
computations  with  observations,  the  filter  needed 
to  be  digital  so  that  it  could  also  be  applied  to 
the  observed  digitized  data.  Two  digital  filters 
were  developed  for  possible  use.  The  amplitude 
responses  are  shown  in  Figure  15-  Both  filters 
are  non-real i zabl e in  the  real-time  sense.  Their 
impulse  responses  are  symmetrical  so  that  their 
transfer  functions  have  no  imaginary  parts  and  the 
real  part  equals  the  amplitude  response.  Filter- 
ing in  the  time  domain  is  done  by  weighting  the 
digitized  data  with  a discrete  approximation  to 
linear  convolution. 

For  the  purpose  of  practical  computations  in 
the  time  domain,  the  basic  time  domain  model,  Eq. 
(2),  must  be  re-cast  into  a form  suitable  for  use 
with  digitized  time  series.  This  was  done  in  ex- 
actly the  same  way  as  was  done  in  Reference  [13] 
for  a simulated  process.  The  digital  model  of 
Eq.(2)  becomes: 


0 (n) 
w'  ' 


m 

E 

j=-m 


Lj  Tl(n-j) 


+ E E Q TKn-j)Tl(n-k)  (27) 
j=-p  k=-p  J 


where  Dw(n)  = computed  added  resistance  time  series 
T)(n)  = observed  wave  time  series 


and  L.  and  0..  are  weighting  coefficients  in 
J j k 

which  the  differentials  are  absorbed. 

This  model  requires  discrete  approximations 
to  the  )i near  and  quadratic  impulse  responses  of 
the  form: 


9i  (T)  = Lj  6(T-jAt)  (28) 

9a(Ti  ,Ta)  = Qjk6(Tt -jit)6(Ta-kit)  (29) 

(where  6 ( t)  is  the  Dirac  delta  function) 


The  Fourier  transforms  of  Eqs.(28)  and  (29)  in 
accordance  with  Eqs.(3)  and  (4)  yield  continuous 
(aliased)  frequency  response  functions  as  follows: 


m 

Gi(a)  = E L.[cos(jaAt)-i  sin(jaAt)]  (30) 

j—m  J 

P P 

G2(oi  ,03)’  £ £ Q kLcos(jOjAt+kaaAt) 

j”-p  k— p J 

-i  s in(jOj  At+kcaAt)  ] (31) 


For  practical  computing  purposes,  the  pro- 
cess of  transforming  observed  frequency  response 
functions  amounts  to  achieving  (with  a finite 
number  of  coefficients)  a reasonable  fit  of  the 
re-transformed  impulse  responses  (Eqs.30,31)  to 
the  observed  response  functions.  The  general 


approach  followed  was  to  integrate  the  first  of 
Eqs.(3)  and  (4)  trapezoidal ly  with  observed  esti- 
mates of  the  appropriate  frequency  response  func- 
tion. This  is  carried  out  for  a sufficient  range 
of  time  variable(s)  so  that  decisions  regarding 
the  truncation  limits  (m  and  p in  Eqs . 27  through 
31)  can  be  made.  Evaluation  of  the  computed  im- 
pulse response  function  is  made  at  integer  values 
of  time  step  At  and  these  values  are  multiplied 
by  At  or  At2  as  appropriate  to  result  in  esti- 
mates of  the  coefficients  L;  and  Qjk  . The 
next  step  is  to  adjust  the  coefficients  so  that 
the  discrete  kernel  reflects  the  correct  behavior 
of  the  frequency  response  functions  at  zero  fre- 
quency. (If  it  is  assumed  that  there  is  no  re- 
sistance added  by  an  infinitely  long  wave,  the 
coefficients  Lj  and  Qj k should  sum  to  zero.) 

The  final  computational  step  is  to  insert  the 
coefficients  into  Eqs. (30)  or  (31),  compute  the 
re-transformed  impulse  response  function  and  com- 
pare the  results  with  the  original  frequency  re- 
sponse estimates.  Iteration  of  the  process  is 
sometimes  necessary. 

For  present  purposes,  it  was  assumed  that 
the  input  was  the  shi f ted  wave  and  the  output  was 
the  resistance  filtered  with  Filter  No. 1 , Figure 
15.  These  conditions  on  input  and  output  were 
achievable  with  the  available  digitized  experi- 
mental data  and  correspond  to  the  conditions  under- 
lying the  quadratic  frequency  response  function 
estimates.  Figures  9~*  1 4 . 

The  estimates  of  the  linear  frequency  re- 
sponse function  obtained  by  cross-spectral  analy- 
ses in  Reference  [13]  were  used  to  produce  a 
linear  impulse  response  function.  The  original 
estimates  were  for  shifted  wave  as  input  and  ob- 
served resistance  as  output.  These  estimates  were 
"filtered"  using  the  respbnse  for  Filter  No.l, 
Figure  15.  The  results  are  presented  as  point 
estimates  in  Figure  16.  Results  for  all  three  sea 
states  are  indicated  in  the  figure.  Estimated  co- 
herences were  greater  than  50%  for  all  results  at 
frequencies  in  excess  of  0.5.  The  results  below 
a frequency  of  0.3  had  almost  negligible  coher- 
encies and  were  omitted.  The  average  line  through 
the  data  in  Figure  16  is  the  result  of  re-trans- 
forming (with  Eq.30)  the  Lj  coefficients  which 
were  finally  derived.  The  fit  to  the  data  seems 
quite  adequate  above  a frequency  of  0.3  or  0.4. 
Below  these  frequencies  the  fit  is  speculative. 
However,  in  the  experimental  data  there  is  nearly 
no  wave  energy  below  a frequency  of  0,4  and  it  was 
thought  that  whatever  low  frequency  errors  which 
exist  would  have  no  practical  effect  on  the  time 
domain  calculations.  Because  the  frequency  re- 
sponse function  in  Figure  16  is  a band  pass  filter, 
the  discrete  impulse  response  is  quite  long  — 161 
coefficients  were  thought  necessary.  The  coef- 
ficients of  the  impulse  response  are  plotted  in 
Figure  17. 

It  was  decided  to  use  the  data  derived  from 
sea  state  A in  the  computations  for  the  quadratic 
impulse  response  since  the  important  regions  of 
Interacting  wave  excitation  for  sea  states  B and  C 
are  roughly  sub-sets  of  the  important  region  of 
sea  state  A.  The  rationalization  is  the  same  as 
that  for  the  low  frequency  linear  response.  Errors 
in  quadratic  response  function  for  particular  com- 
binations of  input  frequency  probably  will  have  no 
practical  effect  if  the  energy  of  both  interacting 
components  is  not  high.  Accordingly,  the  esti- 
mates from  the  sea  state  A data  (Figs. 9, 10)  were 
"filtered"  using  the  response  of  Figure  15  and  Eq. 
(11),  and  the  fitting  procedure  described  in  con- 
junction, with  Eqs. (27)  to  (31)  was  carried  out 
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on  the  result.  A truncation  parameter  (p)  of  25 
was  chosen,  thus  resulting  in  (5I)2  Qjk  coef- 
ficients. Figure  18  is  a map  of  the  final  result. 
In  order  to  make  it  possible  to  visualize  the  en- 
tire two-dimensional  kernel,  it  was  necessary  to 
convert  the  actual  values  of  to  single  digit 

magnitudes.  This  was  done  arbitrarily  by  multi- 
plying by  50  and  truncating  the  numerical  results 
to  an  integer  value.  The  magnitudes  noted  in  Fig- 
ure 18  range  from  plus  to  minus  9.  The  coefficient 
matrix  is  symmetrical  about  j=k  (Qjk=Q|<j)  as  is 
required  by  the  basic  model  (Eq.5).  In  the  figure 
the  approximate  contours  of  zero  have  been  drawn, 
and  coefficients  with  absolute  magnitude  of  7 and 
above  are  circled. 

It  is  clear  from  Figure  18  that  there  are  a 
few  significant  values  on  the  truncation  boundary. 
A truncation  limit  of  30  or  35  might  have  been  re- 
quired to  make  the  values  at  the  boundaries  in- 
significant. The  truncation  limit  chosen  was  a 
compromise  of  sorts  between  a reasonable  delinea- 
tion of  the  quadratic  impulse  response  and  prac- 
tical considerations  of  the  computing  time  which 
would  be  required  for  subsequent  use.  It  is  clear 
from  the  figure,  however,  that  the  most  significant 
hills  and  valleys  are  contained  within  the  range 
of  j and  k = ±15. 

The  re-transformation  of  the  final  quadratic 
impulse  response  function,  Gztbj  ,dg)  , according  to 
Eq .(31)  is  shown  in  Figures  19  and  20  along  with 
the  filtered  estimates  of  G2  (a1 ,a3)  from  sea 
state  A.  The  transformed  kernel  is  much  smoother 
than  the  original.  Considerable  smoothing  is  in- 
evitable since  the  original  Gs(oi,a2)  results 
contain  abrupt  transitions  to  zero  on  the  bounda- 
ries of  the  region  of  significance.  Over  all, 
the  fit  was  considered  reasonable  especially  in 
the  region  of  C\=  2 to  3 where  the  mean  added  re- 
sistance operator  is  appreciable. 

The  steps  in  the  computation  of  the  low  fre- 
quency added  resistance  were  as  follows: 

a.  Correct  original  digitized  experimental  wave 
elevations  for  linear  and  quadratic  trends 
and  to  zero  sample  mean. 

b.  Using  the  arrays  of  coefficients  Lj  and 

described  above,  operate  upon  the  cor- 
rected wave  time  series  with  Eq.(27)  to  re- 
sult in  an  output  time  series.  This  series 
represents  the  added  resistance  which  would 
have  been  observed  through  Filter  No, I,  Fig- 
ure 15. 

c.  Filter  the  result  of  Step  b using  the  digi- 
tal Filter  No.  2,  Figure  15,  to  result  in  a 
time  series  which  should  represent  the  part 
of  the  added  resistance  response  which  con- 
tains only  component  frequencies  below  the 
lowest  wave  frequency. 

In  order  to  make  comparisons  with  observa- 
tion, some  processing  of  the  resistance  observa- 
tions was  also  necessary: 

d.  The  original  digitized  experimental  resist- 
ance was  corrected  to  zero  mean  and  for 
linear  and  quadratic  trends,  and  then  the 
corrected  mean  resistance  as  determined  in 
the  analyses  of  Reference  [ 1 3 J was  added 
back.  This  operation  was  to  compensate  for 
a small  tank  position  dependent  instrumenta- 
tion error,  noted  in  [13]. 

e.  The  corrected  observed  resistance  (Step  d) 


was  then  filtered  using  coefficients  of  Fil- 
ter I,  Figure  15,  to  result  in  a time  series 
which  should  be  comparable  with  the  results 
(Step  b)  of  operating  on  the  wave  elevations 
wi th  Eq. (27) . 

f.  The  above  results  (Step  e)  were  filtered 

using  the  coefficients  of  Filter  No. 2 — the 
results  to  be  comparable  with  the  results  of 
Step  c. 

This  process  was  applied  to  all  the  available 
experimental  data  obtained  at  model  Froude  number 
0.15.  These  data  involved  18  experimental  runs, 

6 runs  in  each  of  model  sea  states  A,  B and  C.  The 
first  1 204  points  of  the  set  of  results  for  each 
run  were  plotted.  All  the  resulting  plots  (equiva- 
lent to  about  75%  of  the  total  original  sample) 
are  i ncl uded  in  [ Ik] . 

Figure  21  is  considered  typical  of  all  the 
results  which  pertain  to  sea  state  A.  In  the  fig- 
ure six  time  series  are  plotted  on  a time  base  in 
which  the  tick  marks  are  equivalent  to  about  2AAt. 
Each  point  plotted  corresponds  to  a digitized  point 
of  the  experimental  data  or  a corresponding  point 
of  the  computed  data.  No  interpolated  points  or 
connecting  lines  are  included.  Vertical  scales 
were  chosen  for  each  time  series  to  suit  the  maxi- 
mum observed  or  computed  for  the  noted  sea  state. 

The  topmost  series  is  the  corrected  observed 
wave  elevation  (non-dimensional ized  by  model 
length),  and  next  in  order  is  the  corrected  ob- 
served resistance  (non-d imens iona I i zed  by  model 
displacement).  The  wave  elevations  are  shown  time- 
shifted  relative  to  the  resistance  in  accordance 
with  the  convention  about  the  input  to  the  esti- 
mated linear  and  quadratic  frequency  response  func- 
tions. The  differences  between  the  corrected  and 
original  raw  experimental  time  series  are  barely 
visible  at  the  scales  shown. 

The  third  chart  down  from  the  top  of  the  fig- 
ure contains  the  computed  results  from  Eq. (27) , 
which  are  plotted  with  (+) , and  the  results  of 
filtering  the  observed  resistance  with  Filter  No. I 
(plotted  with  a very  small  "D",  on  its  side).  At 
the  bottom  of  the  chart  are  corresponding  results 
of  filtering  both  the  series  plotted  immediately 
above  with  Filter  No. 2 ("doubly  filtered  resist- 
ance") . 

The  computations  shown  in  Figure  21  are  essen- 
tially a closing  of  a circular  computing  exercise. 
The  observed  time  domain  data  were  used  to  compute 
frequency  response  functions.  These  were  trans- 
formed back  into  the  time  domain  and  used  to  "re- 
compute" the  low  frequency  portions  of  the  original 
data.  Considering  that  the  scale  of  the  filtered 
resistance  is  blown  up  by  a factor  of  5 relative 
to  the  original  observation,  correlation  between 
observation  and  computation  is  satisfactory.  The 
differences  between  observation  and  computation  of 
the  filtered  resistance  (Figure  21)  are  fairly 
typical  of  all  the  results  obtained  for  sea  state 
A.  These  differences  involve  frequencies  of  0.6 
or  0.8.  Because  the  linear  component  of  Eq.(27) 
appears  to  be  pretty  solidly  estimated  for  these 
frequencies  (Fig. 16),  it  is  suspected  that  the 
origin  of  the  errors  is  one  or  both  of  the  humps  in 
the  quadratic  transfer  function  at  (c^  ,as)  = 

(1.5, -0.7)  and  (2. 2, -1.5)  as  shown  in  Figuresl9  and 
20.  These  are  the  areas  where  suspicion  of  error 
was  previously  noted. 

The  agreement  of  the  observed  and  computed 
doubly  filtered  resistance  is  quite  satisfactory 
considering  that  the  scale  is  blown  up  by  a factor 
of  10  relative  to  the  original  resistance  time 
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series.  The  maximum  deviations  in  Figure  21  and 
in  all  the  other  results  for  sea  state  A do  not 
exceed  Ixl 0~ 3 which  is  about  3%  of  full  scale  for 
the  observations.  The  magnitude  of  maximum  error 
is  approaching  the  resolution  of  the  original  ex- 
perimental data  (which  was  recorded  on  standard  FM 
magnetic  tape),  and  is  to  some  extent  dependent 
up on  the  accuracy  of  the  correction  of  the  mean  of 
the  observations  for  the  instrumentation  problems 
noted  in  Reference  [13].  It  is  clear  from  the  re- 
sults that  the  character  and  frequency  content  of 
the  very  low  frequency  components  of  added  resist- 
ance are  very  well  predicted. 

Figure  22  is  a typical  chart  for  the  results 
of  computing  sea  state  B resistance,  essentially 
by  the  use  of  the  sea  state  A data.  The  agreement 
between  observation  and  computation  :s  as  good  or 
better  than  that  shown  for  sea  state  A.  There  is 
a little  less  high  frequency  excitation,  but  dif- 
ferences in  filtered  resistance  involve  the  same 
frequencies.  Differences  in  doubly  filtered  re- 
sistance appear  to  be  relatively  somewhat  less 
than  in  sea  state  A,  the  magnitudes  of  the  low  fre- 
quency added  resistance  are  larger  and  the  experi- 
mental data  are  probably  better  resolved. 

Finally,  Figure  23  contains  typical  results 
for  the  computation  of  added  resistance  in  sea 
state  C from  data  in  sea  state  A.  The  agreement 
between  observation  and  prediction  in  this  case 
is  just  as  good  as  that  for  the  other  sea  states. 

On  the  whole,  if  the  numbers  on  the  scales 
and  the  captions  were  erased,  it  would  be  most 
difficult  to  tell  the  results  pertaining  to  one 
sea  state  from  another.  Considering  that  the  sig- 
nificant heights  of  the  lowest  and  highest  sea 
state  differ  by  a factor  approaching  four,  the  re- 
sults clearly  help  substantiate  the  validity  of 
Eq.(2)  asamodel  for  added  resistance  and  indicate 
that  it  is  feasible  to  compute  added  resistance  in 
the  time  domain. 

SUMMARY 

The  overall  objective  in  the  present  work 
was  to  demonstrate  that  the  functional  polynomial 
model  for  added  ship  resistance  in  waves  was  an 
adequate  engineering  approximation,  and  the  results 
obtained  indicate  that  this  is  so. 

The  first  three  complete  cross-b i-spectral 
analyses  of  experimental  data  were  used  to  identi- 
fy the  non-linear  responses  resulting  from  the 
interactions  of  input  frequencies  — in  addition 
to  the  previously  accomplished  identification  of 
the  direct  non-linear  mean  response  function.  Em- 
pirical collapse  of  estimates  was  obtained  for 
some  of  the  prominent  features  of  the  quadratic 
frequency  response  function  over  a wide  range  of 
sea  severity.  Some  parts  of  the  estimates  of  the 
function  were  unexpectedly  influenced  by  noise, 
and  it  appears  that  not  as  much  is  understood 
about  cross-bi-spectral  analysis  as  was  thought. 

The  quadratic  frequency  response  function  for 
added  resistance  appears  to  be  complicated  — more 
so  at  least  than  could  be  reliably  determined  from 
the  available  experimental  data. 

In  the  final  part  of  the  work  it  was  shown 
that  at  least  the  very  low  frequency  fluctuations 
of  added  resistance  can  be  synthesized  in  the  time 
domain.  Oddly,  the  success  of  the  synthesis  ap- 
peared to  be  better  than  the  success  of  the  i- 
dent i f i cat  ion  of  the  quadratic  frequency  response 
function.  Of  particular  note  is  that  fluctuations 
of  resistance  observed  in  a quite  severe  sea  state 
were  reasonably  well  predicted  from  analyses  of 
data  observed  in  a sea  whose  significant  height 


was  1/4  as  great. 

With  this,  a demonstration  "loop"  is  closed, 
in  that,  following  the  mathematical  properties  of 
the  hypothesized  model,  irregular  time  domain  re- 
sistance has  been  interpreted  in  the  frequency 
domain,  and  these  results  have  been  used  to  pass 
back  into  the  time  domain.  It  appears  that  a)  the 
(non-linear)  added  resistance  transfer  function 
can  be  identified  from  experiments  in  irregular 
waves  within  tolerances  inherent  in  the  experi- 
ments, b)  synthesis  of  mean  added  resistance  and 
the  resistance  spectra  can  be  carried  out  from  the 
linear  and  non-linear  added  resistance  transfer 
functions,  and  c)  time  histories  of  added  resist- 
ance response  can  be  synthesized  from  an  irregular 
wave  input  and  the  time  domain  representation  of 
the  linear  and  non-linear  operators. 
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function 


I 1 


2:  Block  diagram,  non-linear  system  in  cascade  with 

linear  systems 


Fig.  3:  Mapping  of  12,,  plane 


Fig.  4:  Revised  estimates  of  GJo..— a,)  from  cross-bi- 
spectral  analysis.  Froude  number  0.15 
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Fig.  16:  Filtarad  linear  raaistanca  fraquancy  raaponaa 
function 
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NUMERICAL  SOLUTION  OF  UNSTEADY  SHIP  WAVE 
PROBLEMS 


R.  K.  C.  CHAN  and  J.  H.  STUHMILLER 
Jaycor  Del  Mar,  California,  USA 


A finite-difference  numerical  technique,  employing  general  curvilinear  coordinate  systems,  has  been 
developed  to  permit  accurate  calculation  of  the  unsteady  motion  of  a three-dimensional  floating  body.  The 
present  approach  formulates  an  initial-value  problem,  so  that  general  transient  flows  as  well  as  steady- 
state  problems  can  be  treated.  Potential  flow  is  assumed,  which  is  separated  into  a. base  flow  and  a 
perturbation.  The  base  flow  is  chosen  sb  the  flow  that  would  exist  if  the  free  surface  were  replaced  by  a 
rigid  horizontal  plate.  Because  of  the  flexibility  of  this  formulation,  fairly  general  body  shapes  are 
allowed.  In  this  paper  the  solution  procedure  is  briefly  described,  while  placing  more  emphasis  on  the 
validation  and  the  results  of  the  unsteady,  non-periodic  motion  of  a floating  sphere.  Results  on  more 
complex  body  shapes  will  be  reported  at  a later  date. 


1 . INTRODUCTION 

The  major  difficulties  that  arise  in  studying 
the  flow  and  the  associated  wave  field  about  a 
floating  body  can  be  attributed  to  the  complexity 
of  the  body  geometry  on  the  one  hand  and  to  the 
presence  of  free  surface  on  the  other.  Even  with 
the  simplest  mathematical  statement  regarding  the 
nature  of  the  flow,  i.e.,  assuming  that  the  flow 
is  inviscid,  incompressible,  and  irrotational  so 
that  the  Laplace  equation  » 0 for  the  velocity 
potential  i governs  the  entire  flow  field  except 
at  boundaries  of  the  fluid  domain,  these  two  dif- 
ficulties continue  to  hinder  progress  in  making 
accurate  theoretical  predictions. 

With  the  rapid  evolution  of  high-speed,  elec- 
tronic, digital  computers  and  the  continual  ap- 
pearance of  new  numerical  techniques,  it  would 
seem  that  both  difficulties,  i.e.  the  body  geome- 
try and  the  free  surface,  can  be  surmounted  by  a 
straightforward  application  of  a simple  finite- 
difference  method  which  solves  the  complete  set  of 
equations  of  motion.  However,  before  one  launches 
into  the  study  of  nonlinear  effects  and  deviations 
from  potential  flow,  it  should  be  remembered  that 
the  linearized  potential  flow  about  a ship  has  not 
been  thoroughly  explored.  In  fact,  there  is  a 
general  feeling  among  research  workers  in  this 
area  that  the  use  of  velocity  potential  and  lin- 
earized free-surface  boundary  conditions  may  not 
be  responsible  for  the  major  deficiencies  of  the 
existing  analytic  models.  Rather,  more  careful 
treatment  of  boundary  conditions  at  the  ship  hull 
seems  to  hold  promise  for  improvement. 

Most  existing  analytic  models,  such  as  flat- 
ship,  thin  ship,  or  slender-body  theories,  to  men- 
tion only  a few,  are  based  on  perturbation  schemes 
of  one  kind  or  another.  As  the  names  imply,  these 
methods  attempt  to  take  advantage  of,  and  are  thus 
limited  to,  the  special  geometric  features  of  the 
floating  body.  Furthermore,  these  approximations 
are  not  uniformly  valid.  In  the  forward  motion, 
for  example,  most  of  the  waves  may  be  produced  in 
the  bow  and  stern  regions  by  a ship  which,  except 
for  the  relatively  blunt  bow  and  the  stern,  may 
qualify  as  a slender  body.  For  such  a problem, 
the  slender-body  theory  la  not  valid  near  the  bow 
and  the  stern,  regions  where  the  most  important 


physical  processes  are  occurring.  Thus,  a critical 
question  can  be  raised:  How  much  progress  could 
one  make  toward  understanding  the  flow  about  a 
floating  body  if  the  difficulty  associated  with  the 
body  geometry  were  completely  removed? 

In  view  of  the  continuing  trend  toward  more 
rigorous  treatment  of  the  body  geometry,  we  present 
in  this  paper  a numerical  technique  for  computing 
flow  about  floating  bodies  with  no  aeaumptiona 
about  the  body  shape.  As  in  existing  theories,  a 
potential  flow  satisfying  72«  « 0 and  linearized 
free-surface  boundary  conditions  are  assumed;  what 
distinguishes  the  present  approach  is  the  choice  of 
the  base  flow.  Obviously,  the  accuracy  and  effec- 
tiveness of  any  perturbation  scheme  is  determined 
by  how  good  an  approximation  the  base  flow  is  to 
the  actual  flow  field.  Consider  the  steady  forward 
motion  of  a ship,  for  example.  Instead  of  UBing  a 
uniform  stream  with  the  velocity  equal  to  the  speed 
of  the  ship,  as  is  usually  done  in  analytic  models 
to  render  the  mathematics  tractable,  we  choose  as 
the  base  flow  the  flow  about  the  ship  that  would 
exist  if  the  free  surface  were  replaced  by  a rigid 
plate.  This  base  flow  is  preferable  because  it 
takes  care  of  the  singularities  associated  with  the 
stagnation  points  and  makes  the  perturbation  field 
regular;  but  it  is  extremely  difficult  to  obtain  in 
a closed  form  and  almost  impossible  to  use  in  the 
perturbation  equations  of  a purely  analytic  ap- 
proach. As  will  be  shown  in  Sections  2 and  3,  the 
base  flow  can  be  treated  quite  easily  by  employing 
a numerical  approach. 

For  the  ease  of  demonstration  and  for  the  pur- 
pose of  comparing  with  the  results  obtained  by 
other  investigators,  we  shall  apply  the  solution 
technique  to  the  case  of  a floating  sphere,  employ- 
ing the  familiar  spherical  polar  coordinates.  The 
use  of  a general  curvilinear  coordinate  system  to 
study  the  flow  about  more  complicated  three- 
dimensional  floating  bodies  will  be  reported  at  a 
later  date. 

2.  FORMULATION  OF  THE  PROBLEM 

Let  the  undisturbed  water  surface  be  the  x-y 
plane  and  the  z-axis  points  vertically  upward. 
Moreover,  we  adopt  a frame  of  reference  fixed  at 
the  floating  rigid  body.  The  Bernoulli  equation 
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then  takes  the  form( 1 ) 


34 

dt 


+ 


dW 

*i(V4)'(V4) 


+ gz  + ^-=  constant  (l) 

where  Ug(t),  Vg(t),  and  W0(t)  are  velocity  compo- 
nents oi  the  body  relative  to  an  inertial  frame. 

In  the  interior  of  the  flow,  Laplace's  equation 

V24  = 0 (2) 

is  to  be  satisfied,  and  the  normal  derivative  34/ 3n 
should  vanish  on  the  body  surface.  At  the  free 
surface,  dynamic  and  kinematic  boundary  conditions 
must  be  satisfied,  but  their  specific  forms  will  be 
given  after  we  specialize  the  formulation  in 
spherical  polar  coordinates. 

It  is  convenient  to  distinguish  two  classes  of 
problems: 

1.  Class  A problems  — The  floating  body  moves  in 
horizontal  directions  only,  i.e.  Wo(t)=0,  but 
Ug(t)  and  V0(t)  can  be  any  prescribed  function 
of  time . 

2.  Class  B problems  — The  floating  body  moves  in  the 
vertical  direction  only,  i.e.  U0  (t)  = V0(t)  = 0. 
Examples  include  heave,  pitch,  and  roll. 

We  shall  elaborate  on  the  formulation  of  the  Class 
A problems.  Formulation  for  the  Class  B problems 
is  the  more  usual  one  and  will  be  stated  at  the  end 
of  this  section. 

For  Class  A problems  we  separate  the  flow 
field  into  a base  flow  and  the  perturbation  from 
it,  i.e. 

4 = 4 + 4'  (3) 

where  an  overbar  denotes  the  base  flow  and  the 
prime  the  perturbation.  The  base  flow  is  chosen 
as  that  which  would  exist  if  the  free  surface  were 
replaced  by  a rigid  horizontal  plate.  It  is  re- 
quired to  satisfy 

V24  = 0 (4) 

and 

-r  dU.  dV 

+ gz  + f = !i(u2+v2)  (5) 

subject  to  the  boundary  conditions  34/3z  = 0 at  the 
plate  (i.e.  mean  water  level),  34/3n  = 0 at  the 
surface  of  the  body,  and  4 = -(u0  x + V0y)  at  large 
distances  from  the  body. 

Substituting  Eq.  (3)  into  Eq.  (l),  where  the 
constant  on  the  right-hand  side  of  Eq.  (l)  is 
chosen  as  *j(U2  + Vg),  and  subtracting  Eq.  (5)  from 
the  resulting  equation,  we  obtain  the  perturbation 
Bernoulli  equation 

-^— -+  *s(V4')*(V4')  + (V4)*(V4')  + ^-  = 0 (6) 

Of  course,  the  Laplace  equation 

V24 ' = 0 (7) 

is  to  be  satisfied  throughout  the  fluid  interior. 
The  boundary  conditions  to  be  satisfied  by  4'  are 
the  normal  derivative  34 ' / 3n  = 0 at  the  body  surface 
and  appropriate  conditions  at  the  free  surface. 

Since  in  this  paper  the  technique  is  applied  to  the 
motion  of  a sphere,  it  is  most  convenient  to  use 
spherical  polar  coordinates  in  subsequent  dis- 
cussions . 


In  spherical  coordinates,  Eq.  (7)  becomes 


sin26  -£r(r2  ^-)  + sine ^ (sin0  + ^ = 0 W 

where  ( r , 9 , <J> ) are  the  spherical  coordinates.  The 
origin  is  chosen  at  the  center  of  the  sphere. 

To  obtain  the  dynamic  free-surface  condition 
in  terms  of  the  perturbation  potential  4',  we  use 
the  fact  that  p = p + p'=0  at  z = ti(r,$,t),  where  n 
is  the  instantaneous  free  surface  elevation  from 
the  undisturbed  water  surface.  Thus,  at  the  free 
surface,  we  have 


z=n 


The  last  expression  has  been  obtained  by  applying 
Eq.  (5)  at  z = n- 

Equations  (6)  and  (9),  applied  at  z = n( r ,4 ,t) , 
supply  the  dynamic  condition  at  the  free  surface. 
Following  the  treatment  in  ( 2 ) , the  kinematic  free- 
surface  condition  can  be  derived  for  a general, 
curvilinear  coordinate  system.  For  the  present 
purpose,  however,  we  shall  give  it  in  spherical 
polar  coordinates . The  kinematic  free-surface 
condition  is  then 


to  be  applied  at  z = n(r,4,t). 


Finally,  we  linearize  the  equations  by  ne- 
glecting products  of  primed  quantities  and  apply 
the  two  free-surface  conditions  at  the  mean  water 
level  z = 0,  i.e.  0«u/2,  to  obtain 


Dynamic  Condition 


341=_/3i  341+  1 3i34L\  / 2+  2\ 

3t  \3r  !r  ?}*)♦)  *\0  V0/ 

i I . i /ai\2 1 / a*  . d 


dVo 

y dt 


Kinematic  Condition 


(12) 


ia  . I*  la  + I lil  + 1 i!  ia\  (13) 

3t  \3r  3r  r 38  r2  3$  3* / * 

In  deriving  Eqs.  (12)  and  (13)  we  have  used  the 
fact  that  34/30  = 0 at  z = 0. 


For  a semi-submerged  sphere  moving  arbitrarily 
in  the  x-direction,  the  base  flow  that  satisfies 
Eqs.  (U),  (5)  and  the  attendant  boundary  conditions 
is  given  by 

4 = -U0(t)  r sine  cos$  |l  + *s|-^j  j (l4) 

where  rQ  is  the  radius  of  the  sphere.  Using  Eq. 
(14),  x=r  sin8  cos4 , and  V0(t)  5 0,  we  can  evaluate 
explicitly,  for  example,  the  last  term  of  Eq.  (12) 
as 
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r»\ , /ro\3 

-lirp1-81110  cos*\t)  ■ 


Therefore,  Eqs.  (12)  and  ( 13)  together  with  values 
for  the  base  flow,  found  analytically  as  above  or 
numerically,  completely  determine  the  solution  of 
the  Class  A problem. 


For  Class  B problems,  we  use  a frame  of  refer- 
ence fixed  in  the  otherwise  undisturbed  fluid  and 
take  the  fluid  at  rest  as  the  base  flow.  This  is 
just  the  usual  formulation  and  the  linearized  free- 
surface  conditions  can  be  written  directly  as 


3n  _ 1 3*1 

3t  " " r 30 


(17) 


Also,  the  normal  derivative  condition  34 ' /3n  = Vg- n 
is  applied  at  the  mean  position  of  the  body  sur- 
face, where  Vg(t)  is  the  velocity  of  the  body  and 
n is  the  unit  normal  vector  at  the  body  surface. 


At  large  distance  from  the  body,  the  condi- 
tions 4'  =0  and  n = 0 are  imposed  for  both  Class  A 
and  Class  B problems. 


3.  NUMERICAL  SOLUTION  PROCEDURE 

The  computation  domain  for  the  problem  of  a 
floating  spherical  body  is  bounded  by  the  body  sur- 
face, the  free  surface,  and  the  surface  of  a large 
outer  sphere  concentric  with  the  body.  The  radius 
of  the  outer  sphere  is  chosen  large  enough  that  no 
significant  amount  of  disturbance  reaches  the 
outer  boundary  within  the  problem  time  of  interest. 

In  general,  there  are  two  major  phases  in  the 
solution  procedure:  the  base  flow  calculation  and 
the  calculation  of  the  perturbation  field.  When  a 
general  curvilinear  coordinate  system  is  used,  the 
base  flow  can  be  obtained  by  using  the  usual 
finite-difference  technique  for  solving  the  Laplace 
equation  (U),  subject  to  the  conditions  discussed 
in  connection  with  Eq.  (5).  The  only  difference 
is  that  the  Laplacian  operator  has  to  be  written 
in  the  general  curvilinear  coordinates  as  do  the 
normal  derivatives  which  appear  in  the  boundary 
conditions.  Detailed  discussions  on  solving  this 
type  of  problems  can  be  found  in  Reference  3.  For 
the  flow  around  a sphere,  an  analytic  solution  for 
4 is  available/14'  and  it  is  given  by  Eq.  (lU). 

The  base  flow  is  computed  only  once  and  stored  in 
the  computer  for  later  use  in  calculating  the  per- 
turbation field.  It  is  interesting  to  note  that, 
for  arbitrary  horizontal  motions,  one  only  has  to 
compute  a base  flow,  4j,  due  to  (UQ ,V_ ) = (l,0)  and 
another,  42,  due  to  (Uq,V0)  = (0,1) . The  base  flow 
at  any  instant  is  just  4 = U()(t)41  + V0(t)42, 
since  the  governing  equation  and  boundary  condi- 
tions are  linear. 

Having  obtained  the  base  flow,  the  perturba- 
tion field  can  be  solved  by  performing  a time  in- 
tegration using  a finite  difference  technique. 
First,  the  three-dimensional  space  occupied  by  the 
fluid  is  subdivided  by  a finite-difference  mesh 
which,  for  convenience,  is  identical  with  the  mesh 
used  in  obtaining  the  base  flow.  Although  the 
method  can  handle  more  general  configurations,  in 
what  follows  we  shall  consider  flows  about  a semi- 
submerged  sphere  only. 

For  Class  A problems,  Eqs.  (12)  and  (13) 
determine  the  evolution  of  4*  and  n at  the  free 
surface.  Similarly,  Eqs.  (l6)  and  ( IT ) update  4' 
and  n for  Class  B problems.  Equations  (12)  and 
(13)  can  be  written  in  finite  difference  form  as 


We  have  used  the  symbol  C to  represent  4'  at  the 
mean  water  level.  The  subscripts  (i,J,k)  refer  to 
the  node  points  of  the  computation  mesh  in  the 
(r,9,c(>)  directions,  respectively,  and  (<Sr,68,6<J>) 
refer  to  the  spatial  increments  in  the  respective 
directions.  The  superscript  n denotes  the  time 
level  t = n6t,  where  6t  is  the  temporal  increment. 
For  the  purpose  of  this  demonstration,  we  only  con- 
sider constant  temporal  and  spatial  increments. 

The  superscript  n+h  is  defined  by 

Fn+!s  = >s(Fn+1  + Fnj  , (20) 

where  F is  any  quantity. 

The  Laplace  equation,  Eq.  (8),  is  represented 
by 


in  which 


sj  = sinflj 
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ri*-*(ri  + ri+l)  ; + 

In  Eq . (21),  the  ($')'s  are  evaluated  at  the 
(n+l)th  level  in  time. 

To  begin  the  numerical  integration,  we  have  to 
specify  initial  conditions,  the  simplest  being  r\  = 0, 
=0,  U0  = Vq  = 0 at  t = 0.  The  subsequent  fluid 
motion  is  due  to  the  prescription  of  Ug(t)  and 
Vq ( t ) , for  t>0.  The  computation  for  each  cycle  of 
time  increment  consists  then  of  using  Eqs.  (l8)  and 

(19)  to  obtain  the  new  values  and  n°+^,  and 

solving  Eq.  (2l)  by  the  method  of  successive  over- 
relaxation (SOR).  Since  the  right-hand  sides  of 
Eqs.  (l8)  and  (19)  contain  terms  defined  at  the 
(n+l)th  level,  these  equations  are  solved  by  a 
predictor-corrector  procedure. 

4.  RESULTS  AND  DISCUSSIONS 

To  validate  our  numerical  model,  the  flow 
about  and  the  dynamic  forces  on  a semi-submerged 
sphere  in  heave  and  sway  have  been  calculated. 
Figure  1 shows  the  top  view  (i.e.  at  mean  water 
surface)  of  the  computational  mesh.  In  actual  cal- 
culations, a variable  mesh  spacing  r is  used  to 
achieve  some  economy.  In  Table  1,  the  amplitude  of 
the  vertical  dynamic  force  in  heave  is  compared 
with  published  results, l5'  and  a similar  comparison 
is  made  for  the  amplitude  of  the  horizontal  dynamic 
force  in  sway  (Table  2).  The  agreement  is  Judged 
to  be  good.  Figure  2 shows  the  horizontal  force 
experienced  by  the  sphere  as  a function  of  time  in 
forced  sway  at  the  frequency  u/rQ/g  = 0.7071.  It 
is  seen  that  at  this  frequency  the  base  flow,  that 


is,  the  non-wave  part,  contributes  about  80)(  to  the 
total  dynamic  force. 

Table  1 

Comparison  of  the  Amplitude  of  the 

111 

“2po 

*cr j-UciA  pynajnic  force  m necive 
(a  is  the  amplitude  of  the  ' 

body  displacement) 

Yeung  Wang  Bai 

lp«roal 

Present 

Result 

g 

0.5 

0.660  0.763 

0.580 

1.0 

0.991  - 0.998 

0.950 

Table  2 

Comparison  of  the  Amplitude  of  the.  p , 
Horizontal  Dynamic  Force  in  Sway  — ^ 

(a  is  the  amplitude  of  the  lpSrOal 

body  displacement) 

2 Present 

“ 0 Yeung  Kim  Result 


The  body  is  initially  at  rest  and  accelerates  to  the 
final  speed  Umx . The  magnitude  of  the  quantities 
has  been  adjusted  so  that  the  Froude  number 
Uma3c/|/'8ro  = 0.1.  The  time  increment  used  is 
6t7g/r0  =0.1,  which  means  that  the  body  reaches  its 
peak  acceleration  at  the  30th  increment  in  time. 
Figure  3 shows  the  horizontal  force  experienced  by*' 
the  body.  As  expected,  the  contribution  from  the 
base  flow  has  its  peak  coincident  with  that  of 
dU0/dt.  During  the  acceleration  most  of  the  hori- 
zontal resistance  comes  from  the  base  flow.  The 
vertical  force  is  shown  in  Figure  4,  where  we  see 
that  in  forward  motion  the  body  experiences  a down- 
ward force.  Figure  5 shows  the  time  history  of  the 
free  surface  elevation  for  a point  located  at  the 
front  surface  of  the  body  and  for  one  at  the  back  of 
the  body.  During  the  forward  acceleration  the  water 
surges  up  at  the  front  and  down  at  the  back.  At 
late  times,  both  surface  heights  approach  the  asymp- 
totic limit  of  ^(U^ax/gr. ) = 0.5  * 10"  , which  is 
easily  deduced  from  Eq.  (12).  This  does  not  mean, 
however,  that  the  pattern  of  the  free  surface  in 
front  of  the  body  is  the  same  as  that  behind  it. 

This  point  will  become  clear  when  we  look,  at  the 
contour  plots  for  the  surface  elevation. 

Figures  6(a)-(d)  show  the  time  history  of  free 
surface  elevation  as  contour  plots  of  n.  for  the 
case  of  forced  heave  at  the  frequency  u/r0/g  =1.0. 
The  period  of  oscillation  is  x.  These  plots  show 
the  top  view  of  the  water  surface.  As  expected, 
forced  heave  of  a sphere  generates  waves  whose 
crest  and  trough  lines  are  concentric  with  the 
sphere.  A few  contour  lines  in  these  plots  appear 
to  be  irregular,  i.e.  not  concentric.  These  contour 
lines  represent  small  absolute  values  in  n and  are 
at  the  noise  level  of  the  solution. 

Similarly,  the  time  history  of  n for  the  case 
of  forced  sway  is  shown  in  Figures  7(a)— (h) . 

For  the  unsteady  motion  of  forward  accelera- 
tion, the  contours  of  n are  shown  in  Figures  8(a)- 
(l).  In  this  sequence  of  plots  one  can  easily  see 
the  development  of  bow  and  stern  waves.  A typical 
calculation  requires  about  3 minutes  of  execution 
time,  on  a CDC  7600  system,  for  a computation  mesh 
of  40  x 10  x 1*0  cells. 

5 . CONCLUSIONS 

The  crux  of  the  approach  presented  here  is  the 
use  of  a nontrivial  base  flow,  which  is  amenable  to 
numerical  treatment.  It  is  worth  recapitulating 
that  this  base  flow  contains  the  singularities 
associated  with  the  stagnation  points,  making  the 
perturbation  field  regular.  Preliminary  results 
have  indicated  the  viability  and  usefulness  of  this 
technique.  Extension  of  the  computer  program  to 
include  general  curvilinear  coordinates  for  general 
body  shapes  will  be  the  direction  of  our  future 
work. 


0.5  0.602  0.642  0.665 

1.0  1.285  1.U03  1.370 


One  of  the  most  valuable  features  of  the  pre- 
sent approach  is  the  ability  to  treat  any  arbitrary, 
horizontal  motion  of  the  body;  that  is,  U0(t)  and 
Vg(t)  can  be  any  continuous,  piecewise  once- 
differentiable  functions  of  time.  To  illustrate 
this,  consider  a case  of  forward  acceleration 
described  by 

U(j(t)  = £l  + tanh(t/g/rQ  - 3)j 
V0(t)  = 0 
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Fig.  2: 


Top  view  (i.e.  at  mean  water  surface)  of  the  three- 
dimensional  mesh  used  in  the  present  study. 
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Time  Normalized  by  Period  of  Forced  Sway  (t/x) 


Horizontal  force  experienced  by  the  spherical 
body  in  forced  sway  at  the  frequency 
<»  v r0/ g = 0.7071.  and  the  amplitude  a/r0  = 0.01. 
The  chain  line  represents  the  total  force,  while 
the  solid  line  is  the  component  force  due  to  the 
base  flow,  and  the  dashed  line  is  that  due  to  the 
surface  waves. 
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Time  Normalized  by  Time  Increment  t/St 

Fig.  3:  Horizontal  force  experienced  by  the  spherical 
body  in  forward  acceleration.  The  chain  line 
represents  the  total  force,  while  the  solid  line  is 
the  contribution  of  the  base  flow. 


Fig.  4:  Vertical  force  experienced  by  the  spherical  body 
in  forward  acceleration  The  chain  line  represents 
the  total  force,  while  the  solid  line  is  the 
contribution  of  the  base  flow. 


m 


© IMccht  1 077 


111.5  5 


TWO-DIMENSIONAL  AND  CONDITIONAL 
DISTRIBUTION  LAWS  OF  SEA  WAVE 
COMPONENTS 

I.  K.  BORPn  \Y,  Ya.  M.  KUBLANOV 
Krylov  ? 'esearch  Institute,  USSR 


The  report  describee  a theoretical  method  of  plotting  two-dimensional  distributions 
of  random  Talus  systems,  vis.  the  period  and  the  height,  as  well  as  the  length  and 
the  height  of  irregular  wind  waves.  The  method  is  based  on  assuming  the  sea  wave 

?rooess  as  a narrow-band  one  with  the  use  of  the  envelope  method  which  is  effective 
or  the  descriptions  of  such  processes.  Besides,  an  analysis  is  made  of  the 
regressive  relationships  between  wave  periods,  lengths  and  heights,  which  result 
from  conditional  distributions  of  the  wave  components  under  consideration.  It  is 
observed  that  there  is  a good  agreement  between  the  theoretical  data  and  sea  wave 
observations. 


Introduction 


The  information  on  multidimensional 
distribution  laws  of  sea  wave  components 
is  necessary  for  the  solution  of  some 
problems  relating  to  the  estimation  of 
seakseping  qualities  of  ships  and 
determination  of  wavs  aotion  upon 
floating  and  stationary  engineering 
structures.  At  the  same  time  two- 
dimensional  and  conditional  distribu- 
tions of  wave  heights,  periods  and 
lengths  have  been  investigated  so  far 
in  much  leas  detail  than  the  one- 
dimensional ones.  A simple  way  based 
on  the  assumption  that  wave  profile 
components  cure  statistically  Independent 
leads  to  rather  a simple  result  from 
the  analytical  point  of  view  [5t8*9] , 
but  whether  it  can  be  accepted  is 
doubtful,  however,  which  is  confirmed 
by  observation  data  [6,7,14]  • The 
empirioal  method  of  approach  using 
experimental  data  on  simultaneous 
measurements  of  wave  heights,  periods 
and  lengths  approximated  by  analytical 
relationships  [7,14]  can  hardly  be 
considered  as  a universal  one.  Aside 
from  the  limitations  inherent  to  such 
a method  of  approaoh,  the  oonfidenoe  of 
the  approximation  as  applioabls  to  the 
wave  height  and  length  distributions  is 
not  doubtless  beoause  of  the  soaroity 
of  observation  data. 


the  phase  of  random  function 

U(t)  = T(t)COS  (t)  , 


obtained  in  [13]  : 

1 ** 


t*  r (V-UH 

e't*11*  \ (1) 


In  formula  (1) 

Du  » variance  of  a -value; 

tit)  » envelope  of  the  function  u.(t)' 

ifHt)  > phase  derivative  according  to 
argument  t ; 

uJj,  a first  order  initial  moment  of 
the  spectral  density  Su(.u)) 
of  the  function  u(t)| 

S u)*  * u)Z  - u>* 

h i > . 

i.  \ c 

10*  = Co  j u)*Sulu))du 

square  of  the  mean  frequency  of 
the  prooess; 

t a random  function  argument. 


In  the  present  paper  the  required  two- 
dimensional  laws  are  described  by  the 
method  of  envelopes  as  developed  by 
V. I. Bunimovich  [3] , and  this  gives  good 
reasons  to  oonsider  the  obtained 
relationship  between  the  random  values 
of  interest  to  bs  following  from  the 
properties  of  ths  prooess  itself.  Taken 
as  basis  in  this  oase  is  ths  two- 
dimsnsional  probability  density  of  the 
amplitude  and  of  the  derivative  from 

ns 


Two-dimensional  distributions 

1.  Let  the  disturbed  sea  surface 
ordinate  be  presented  as  meeting  the 
ergodio  requirement  in  the  form  of: 

• CMfflitJ-t-KUfJ-f-K'd)*].  <23 
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The  irregular  wave  process  (2)  is 
considered  to  be  narrow  banded  in  the 
fixed  coordinate  system  OF  7 the  axis 
OF  of  which  coincides  with  the  general 
direction  of  the  wave  propagation. 

In  relationship  (2) 

frequency  of  wave  ordinate 
variation  at  a fixed  point 
slowly  changing  in  comparison 
with  COS  [■••■] 


The  corresponding  integral  law  will  be 
determined  by  double  integration: 


F(h>’XJsf  f dh*  , (6) 


where 


'[* 


cx-i)2 

2A  _ 2*  1 


K(F)=  slowly  changing  wave  form 

frequency  along  OF  direction; 

i 

slowly  changing  wave  form 
frequency  along  07  direction. 

In  accordance  with  the  envelope  method 
the  frequency  Cl  is  identified  with  the 
absolute  derivative  ^ value  and  the 
function  with  the  random 

amplitude  of  wave  profile  oscillation. 
In  this  case  the  Rayleigh  distribution 
law  is  true  for  the  ordinates  of  the 
envelope. 

Following  the  suggestion  of  S.M.Travi- 
nin,  let  us  transform  expression  (1) 
by  changing  to  a new  variable : 


2 2 
2 Pc 


j.  g 2SKSu)t  J 


It  should  be  noted  that  using  the 
envelope  method  apriori  eliminates 
secondary  wave  profile  oscillations 
from  the  analysis  [l]  . 

Let  us  introduce  into  our  consideration 
a relative  frequency  x of  a random 
oscillation  x=  -ft  and  a relative  wave 
height  (amplitude) 

where  a dash  above  the  letter  denotes 
a symbol  of  averaging. 

From  function  (3)  one  can  pass  to  the 
two-dimensional  probability  density 
for  relative  wave  frequencies  and 
heights : 

J(h*x)=  1,563  h j=£ 


[e  2a 


where 


Dr  S 1 Su)2 

A ' l*  u)  * * "l,S63(h‘)2  * U),* 


* conditional  integral  distribution  law 
for  relative  frequencies; 

4^) = ( a~T  Au 

n J 


= probability  integral; 

* * -q7«H  K)2 

j ( h ) = 1,563  h e 

(8) 

= probability  density  for  wave  heights. 

Function  (6)  will  be  used  for  plotting 
a two-dimensional  law  of  distribution 
of  wave  heights  and  periods. 

Let  T ‘ = t/  f be  a relative  period^of 
visible  waves,  T being  equal  to  -12-  , 

and  T»—  . 

CD 

As  from  the  definition 
4 f ^ 

UJ  = -=T“  | u)-5  luJ)  du) 

„ V * 

we  have 
_*  m 

T =x  , (9) 

where  — 

U) 

m=  J,  • U0) 

The  two-dimensional  probability  density 
of  relative  wave  heights  and  periods 
has  the  form: 

/(h‘T‘)=/lh*).^(T‘)  > (11) 

and  the  integral  law 

X 

f(hVF.(T‘)  dh*,  (i2) 

( T’  ) being  the  conditional  *. 

probability  density  for  T 

values. 

Function  (T,  ) is  expressed  using 
(7)  in  the  rollowing  way: 

^ iT*)-i-Fh.rx,(T;)]  , (i3) 

after  which  the  integral  law  of  two- 
dimensional  distribution  of  £ and  T* 
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values  may  be  presented  as 


Flh^T.V  / *H  lh*  T*)  dh*  j (14) 


where  the  function 


-cbr  • 

^ L si  A ( h‘)  -IJ 

To  determine  the  Q(>\  , ”,  ) probability 
of  exceedance  of  wave  heights  and 
periods,  let  us  use  the  relationship 

OU^T.Vf/  ' 'f[h>(T‘)]dh‘dx(i5) 
h*  o 

which  leads  to  the  following  formula: 
Qlh*  (h‘T‘)  <Lh\  (16) 


where 


Hr  “ f (h‘)-H. 


As  applied  to  expressions  (14)  and  (16) 
the  following  feature  should  be  noted. 
Relationship  (1)  serving  as  a basis  for 
the  derivation  of  these  expressions 
uses  the  method  of  envelope  according 
to  which  the  probability  density  for 
the  relative  periods  of  narrow-band 
process  has  the  form  [1] 


2 [ H+2T‘a 


+ (1-2TatT‘V'']  ; 


and,  consequently,  the  probability  of 
exceedance 

_ » ( r 1 +■ 

Q (T,  ) = £ [ +20  T*  ♦T,*t  +’ 


v/1- 


where  CL“  m 


qT,  t 

* r«*  J > 

I M 


numerous  wave  profile  measurements  in 
time  are  well  approximated  by  a one- 
dimensional function  of  the  probability 
of  exceedance  of  the  form  [5,6,9] : 

a'aVcxpf-r^-CT.V]  , (20) 


the  numerical  values  of  which  do  not 
coincide  with  those  of  (19). 

A prime  on  the  symbol  of  the 
probability  of  exceedance  in  (20) 
denotes  an  empirical  character  of  the 
formula. 

Thus,  expressions  (14)  and  (16)  which 
in  principle  take  into  account  the 
interrelation  between  the  heights  and 
periods  of  waves  contain  the  above- 
mentioned  feature  in  the  form  of  a 
departure  of  the  theoretical  law  of 
period  distributions  from  those 
observed.  This  departure  manifests 
itself  with  the  wave  height  decrease 
and  in  the  case  of  h*=  0 leads  to  the 
difference  in  relationships  (19)  and 
(20)  mentioned  above.  Let  us  make  a 
correction  of  function  (16)  so  as  to 
satisfy  the  requirement: 

Q(  h*,  T*)  * Q* ( T,‘)  (21) 

fi,*0 

For  this  we  shall  introduce  the 
function 

QiCO 

Q IT*)  > (22) 

where  the  denominator  is  determined  by 
(19),  Following  this  the  final  formula 
for  the  two-dimensional  probability  of 
exceedance  of  wave  heights  and  periods 
will  be  written  as 

GUK/O-VT.Vj  Hr(h*T*)  dh*.  (23) 

In  the  limiting  cases  function  (23) 
transforms  into  one -dimensional 
functions  of  the  probability  of 
exceedance,  that  is  condition  (21)  and 
the  equation  following  from  the 
Rayleigh  law: 


GU'vT1VftlH>  wp[-f(h,*)2J. 

\ (24) 


Formula  (19)  is  the  boundary  form  of 
the  two-dimensional  function  of  the 
probability  of  exceedance  dC^T,*) 
which  the  latter  acquires  for  n "0 
and  which  expresses  the  probability  of 
exceedance  of  random  values  of  the 
periods  of  sea  wave  process  exactly  as 
with  T** 0 this  function  degenerates 
into  the  Rayleigh  law  for  lT.  Meanwhile 
it  is  well  known  that  the  results  of 


are  met. 

On  the  basis  of  formula  (23)  and  using 
numerical  integration,  a two- 
dimensional  probability  of  exceedance 
of  heights  and  periods  was  calculated 
for  wind  waves  determined  by  the  desiffi 
spectrum  of  ordinates  in  the  form 
obtained  by  Barling  [l,4]  with 
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The  results  of  calculations  are  given 
In  Flg.l  which  also  shows  the  observa- 
tion data  taken  from  [61.  As  is  seen, 
the  function  of  the  probability  of 
exceedanoe  GU  h*  , Tj  ) calculated  from 
(23)  is  in  good  agreement  with  the 
experimentally  obtained  curves. 
Estimating  the  extent  to  which  the 
theoretical  solution  agrees  with  the 
measured  data,  it  should  be  borne  in 
mind  that,  strictly  speaking,  relation 
(23)  is  dependent  upon  the  mean 
spectrum  width  determined  by  the  value 
of  §u>1  . 

In  view  of  the  fact  that  calculations 
with  expression  (23)  were  performed  for 
the  above-mentioned  value  corresponding 
to  a particular  spectrum  width,  the 
individual  features  of  the  wave  process 
for  which  the  experimental  data  were 
obtained  might  be  allowed  for 
incompletely  in  the  calculation  as  no 
indication  is  given  in  [6]  regarding 
the  width  of  the  corresponding  spectrum 
of  wave  ordinates. 

Fig.  2 gives  the  function  S'.  (T*) . 

2.  A section  of  a disturbed  surface 
cut  off  by  an  arbitrarily  oriented 
vertical  plane  for  a given  moment  of 
time  shows  a fixed  wave  profile  in  the 
given  direction. 

Considering  this  process  in  accordance 
with  (2)  as  a narrow-band  one  and 
orienting  the  said  plane  in  the  general 
direction  of  wave  propagation,  let  us 
make  up  an  expression  for  a two- 
dimensional  function  of  the  probability 
of  exceedance  of  wave  heights  and 
lengths . 

By  reasoning  similar  to  that  given  in 
section  1 a conclusion  can  be  drawn 
that  if  relation  (1)  is  taken  as  a 
basis  and  the  frequency  of  wave  form  k 
in  the  direction  of  01?  axis  is 
identified  with. the  absolute  value  of 
the  derivative  , then  the  two-  „ 
dimensional  density  of  the  values  of  H 
and  of  the  relative  frequency  of  wave 
form  \)*  * will  be  described  by 
expression  (4)  with  the  value  of  X 
substituted  by  the  variable  0.  In  this 
case  the  relation  m determining 
parameter  A should  naturally  be  _ , 
substituted  by  a similar  relation 
representing  the  mean  width  of  the 
process  of  variation  in  the  wave 
ordinate  in  the  general  direction. 

rJt 

Let  us  express  the  value  -rf  using  a 
known  presentation  of  the  spectral 
density  of  three-dimensional  waves: 

S S |UI)M$Z<*.  , (25) 


where  $ (u>)  ■ wave  api 
■ direction  of 


pectrum  at  a point; 


direotion  of  propagation  of 
wave  components  in  the  form 
of  plane  irregular  waves  in 
relation  to  the  general 
direction  ( oc  - o). 


For  mean  spectral  frequency  of  wave 
form  as  obtained  along  the  general 
direotion,  the  following  relationship 
is  true: 

O*  E t 

K,-j  j JtjCoSoiS,{UloL)dlufdoC.  (26) 

r0  'J 

Substituting  (25),  we  shall  find 
8 uJ* 

K‘=  J?  ‘ 

According  to  the  determination  we  shall 
have 

» (20J 

where  r 

2-2-1  2 

I J 

(29) 

• S^(w,ag  dco  doc  . 

On  the  basis  of  (27)  and  (29)  and 
taking  into  account  (26)  we  obtain  the 
required  characteristics  for  the  mean 
value  of  the  three-dimensional  wave 
epectrum  width  which  being  calculated 
for  the  design  spectrum  used .above 
gives  the  following  result:  sg  * 1,290. 

. 2ir  K| 

Let  M ~ be  the  wave  length  in  the 

Sneral  direction  for  a random  value  of 
equency  of  the  form  K.  Introducing 
the  relative  wave  length 

"5* 

> = T > (30) 

we  obtain  the  expression  similar  to  (9) 


where 


A? 


K 

m * — 

a K, 


For  the  design  spectrum  the  value  of 

• 1,513. 

Therefore  the  expressions  taken  for  the 
two-dimensional  probability  density, 
the  integral  law  and  the  function  of 
the  probability  of  exceedance  for  wave 
heights  and  lengths  will  not  differ 
structurally  from  relations  (11),  (12), 
(14),  (16)  if  the  values  of  T*.x,m 
in  such  expressions  are  substituted  by 
V , v>  and  m*  , respectively.  For 
instance,  formula  (16)  be  replaced  by 

&(0!V  PVM)  dh*,  (33) 
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Similarly  to  (16),  function  (33)  should 
bs  corrected  according  to  the  one- 
dimensional  probability  of  exoeedanoe 
of  wave  lengths.  The  latter  is  usually 
assumed  as  following  from  the  Rayleigh 
law  [8,9]  i 

Q'u‘)=eip[-f  o*)Y  (35) 


Rig. 3 shows  the  result  of  calculation 
of  the  correcting  function 


(36) 


the  denominator  of  which  is  determined 
from  the  formula  similar  to  (19)  with 
particular  reference  to  the  design  wave 
spectrum  ( CL  - 0,662). 


Taking  into  account  function  (36  )•  the 
expression  for  a two-dimensional 
probability  of  exceedance  of  wave 
heights  and  lengths  will  finally  take 
the  form 


estimation  let  us  use  A. N. Kolmogorov' s 
criterion  developed  for  the  one- 
dimensional laws.  As  is  seen  from  Rig. 5, 
the  largest  discrepancy  between  the 
curves  is  observed  in  the  surface 
section  & ( h";  , >* ) cut  off  by  a 
vertical  plane  and  dividing  the  angle 
between  the  axes  Oh*  and  0^*  in 
half.  Overestimating  the  number  of 
experimental  data  used  for  the 
establishment  of  the  criterion  one  can 
feel  that  an  experimental  function  of 
the  probability  of  exceedanoe  in  this 
section  is  influenced  by  the  adjacent 
region  which  contains  approximately  one 
third  of  the  whole  number  of  waves 
forming  the  sample.  Determining  the 
largest  discrepancy,  d , between  the 
experimental  data  and  the  hypothetical 
law  according  to  Kolmogorov's  criterion 
we  have:cl  a 0,06,  and  hence  the 
parameter  i ■ cWn  ■ 1,10.  Thus  the 
obtained  value  of  t is  in  line  with  the 
probability  P(t)  - 0,18.  According 
to  reoommendations  contained  in  the 
handbooks  dealing  with  probability 
calculation,  for  P(L)>  0,1  the 
discrepancy  between  both  the  laws  is 
random  and  the  theoretical  function  is 
considered  to  be  suitable  for  the 
description  of  one  or  another 
distribution.  Thus  the  verification  by 
the  criterion  of  goodness  of  fit 
confirms  the  rightfulness  of  using 
relation  (37)  as  a function  of  two- 
dimensional  probability  of  exceedanoe 
of  wave  heights  and  lengths. 


V>(^)|°H>(h‘ ^)dh‘.  (37) 

It  should  be  noted  that  the  mean  wave 
length  which  appears  in  (30)  can  be 
determined  from  Rig. 4 as  a function  of 
the  characteristic  wave  height  (in  this 
particular  oase  - the  wave  height  h)a, 
with  the  prebability  of  3 per  cent 
exceedanoe).  The  curves  in  this  figure 
are  calculated  from  the  data  on  the 
mean  wave  periods  [11  for  three- 
dimensional  waves  using  the  formula 

which  is  true  for  the  design  spectrum 
of  wave  ordinates.  The  experimental 
points  shown  in  Rig. 4 are  taken  from 
the  materials  of  the  10  OOIN  (Leningrad 
Division  of  the  3tate  Oceanographic 
Institute ) . 


Conditional  distributions 

Statistical  interrelationship  of  wave 
heights  and  periods  as  also  of  wave 
heights  and  lengths  which  is  determined 
in  the  general  form  by  two-dimensional 
distributions  manifests  itself  in  the 
dependence  of  conditional  mean  values 
of  T*  and  V on  h*  . Ror  instance , as 
stated  by  the  author  of  Ref.  [10]  , a 
similar  relationship  explains  in  his 
opinion  a decrease  in  the  variance  of 
individual  wave  periods  with  increasing 
wave  heights. 

Using  the  probability  density  (4), 
S.M.Travinin  has  defined  the  following 
characteristics  of  relative  frequencies: 


Rig. 5 gives  the  results  obtained  by 
formula  (37)  for  the  representation  of 
wind  wave  energy  spectrum  indicated  in 
section  1.  It  also  shows  curves  taken 
from  Ref. [7]  . These  curves  are  based 
on  the  stereophotography  data 
representing  a sample  of  1000  waves. 

As  the  volume  of  the  sample  is  known, 
an  approximate  estimation  oan  be  made 
of  the  extent  to  which  the  theoretical 


- conditional  differential  law  of 
frequency  x distribution, 

Xlh)“  e>  - (39) 


- conditional  mean  value  of  frequency!. 

JDxlhVA*4-£*(h‘)  - (40 
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- conditional  variance  of  dietribution 
(38). 

As  the  relative  frequency  and  the  period 
are  interrelated  by  expression  (9), 
formula  (39)  can  be  used  for  determining 
the  conditional  mean  value  of  T* 

T* lh*)=m[2#(^r)f/p'  e24]  ) (41) 


where  A = A ( h) . 

The  rightfulness  of  assuming  the 
relationship  between  the  mean  values  of 
T*  andx  in  the  form  of  (9)  follows 
from  the  nature  of  the  envelope  method 
which  implies  that  the  period  of  each 
subsequent  oscillation  in  the  realiza- 
tion of  a random  process  is  very  nearly 
the  period  of  the  previous  one  in 
magnitude. 

Fig. 6 shows  the  comparison  between  the 
regression  line  T*  as  a function  of  h* 
calculated  from  formula  (41)  for  the 
spectrum  in  Ref. [41  and  the  observation 
data  obtained  in  Ref.  [6] . At  the  wave 
height  values  of  h > 0,8  the  calculated 
and  the  experimental  data  are  in  good 
agreement,  although  on  the  average  the 
experimental  points  are  located  some- 
what higher  than  the  value  T*(  h4)  = 1,051. 
The  mean  period  value  according  to  (41) 
corresponds  to  the  limiting  case  of 

0>  , however  the  period 
becomes  practically  constant  and 
Independent  of  the  wave  heights  at 
n * 0,7«-0,9. 

In  Fig. 7 relationship  (41)  is  shown 
together  with  the  results  of  wave 
profile  measurements  at  a fixed  point 
of  the  sea.  The  superposed  points  in 
the  figure  refer  to  sea  states  3 to  7. 

Using  relationship  (31)  we  can  obtain 
an  expression  for  the  conditional  mean 
value  of 

e“]  ,(42) 


the  value  A ( h ) being  dependent  upon 
the  width  spectrum  characteristic  8 kz 

k? 

Relationship  (42)  for  wind  waves 
obtained  with  particular  reference  to 
the  calculated  spectrum  is  shown  in 
Fig. 8.  The  results  of  measurements 
carried  out  in  the  LO  COIN  by  I.N.Davi- 
dan,  L.I.Lopatukhin  and  V. A. Rozhkov  are 
also  plotted  there.  When  comparing  in 
Fig. 8 the  theoretical  and  experimental 
data,  the  earlier  remark  concerning  the 
impossibility  due  to  lack  of  required 
information  of  taking  into  account  the 
observed  individual  features  of  wave 
realizations  naturally  remains  valid. 

At  the  same  time  the  experimental 
points  lying  for  the  most  part  somewhat 


below  the  curve  showing  the  analytical 
relationship  between  conditional  mean 
wave  length  and  wave  height  are 
basically  in  good  agreement  with  the 
regularity  of  variation  in  function(42 ). 


Conclusion 

The  results  obtained  in  this  work  show 
the  effectiveness  of  the  method  of 
envelope  not  only  for  establishing  the 
analytical  structure  of  conditional 
wave  length  and  wave  period  densities 
but  also  for  a more  complete  character- 
istic of  the  set  of  these  values,  viz. 
the  two-dimensional  distributions. 
Though  the  former  have  certain  features 
which  need  some  additional  correction, 
the  integral  characteristics,  i.e. 
conditional  mean  values  of  the 
parameters  under  study  determined  by 
these  densities,  are  in  good  agreement 
with  the  observation  data. 

As  to  distributions,  the  following 
consideration  will  be  true  having  in 
any  case  a direct  bearing  on  the 
representation  of  the  two-dimensional 
function  of  the  probability  of 
exceedance  of  wave  heights  and  lengths. 
It  is  known  [2]  , [12]  that  for 
irregular  seas  the  steepness  of 
individual  waves  has  a limit  which, 
in  accordance  with  the  large  wave 
amplitude  theory,  can  approximately  be 
taken  as  equal  to  0,142.  Therefore, 
the  part  of  the  two-dimensional 
probability  of  exceedance  curve  (Fig. 5) 
for  which  the  combination  of  h and  \ 
values  results  in  the  steepness  value 
exceeding  the  limiting  one  should, 
strictly  speaking,  be  eliminated  from 
consideration.  In  relative  values  the 
realization  area  of  wave  steepness  is 
determined  by  the  following  condition: 

y x ’ 

In  Fig. 5,  for  example,  the  area  to  the 
right  of  the  straight  line  1 corresponds 
to  the  value  -5.  = 0,04  characteristic, 
on  the  averaga,  for  sea  state  6. 

The  data  on  the  two-dimensional 
distributions  of  wave  elements  make  it 
possible  to  determine  the  probability 
of  ship  encounter  in  a seaway  with 
waves  the  length  and  the  height  of 
which  are  unfavourable  in  terms  of  the 
problem  under  consideration.  The 
problem  of  determining  the  PL  value  in 
the  course  of  estimating  the  wave 
induced  dynamic  loads  on  the  structure 
may  be  formulated  in  a similar 
probabilistic  representation.  With  such 
an  approach  the  problem  is  reduced  to 
calculation  of  the  Bald  probability 
using  the  following  formula: 
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h Jf 

k=|2|  ftfhf'rf)  dh‘d>*  = 

h*  J h (43 

h. 

in  which  0s  ) (.^)  , function  f"h»  W) 

is  structurally  coincident  with  # *. 

expression  (7).  and  parameters  H,  , h2 , 
>*  , X are  ware  height  ana  length 
values  limiting  the  area  of  and 
realizations  which  is  chosen  for  the 
problem  in  hand. 
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FK|.  1 : Two-dimensional  probability  of  exceedance  of  wave  heights  and 
periods  (wind  waves). 

observation  data  (6) 

calculation  by  formula  (23) 
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Fig.  6:  Conditional  ma«n  value  of  the  relativa  wave  pariod. 

• — obaarvation  data  (6! 

1 — calculation  by  formula  (41) 


Fig.  7:  Ralatlaa  haighta  and  parioda  of  wave  profila.  Wave  intaneity:  taa 
ratal  3 to  7. 

• - obaarvation  data 
1 - obtained  by  formula  (41 ) 


Fig.  S:  Conditional  maan  valuaa  of  vnva  length. 

• - obaarvation  data  (LO  GOIN) 

1 — calculation  by  formula  (42) 
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THREE-DIMENSIONAL  CALCULATIONS  OF  WAVE 
FORCES  BY  A HYBRID  ELEMENT  METHOD 
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Department  of  Civil  Engineering 
Massachusetts  Institute  of  Technology 


SYNOPSIS 

The  hybrid  element  method,  developed  previously  for  two-dimensional  water  wave  problems  is  extended  to 
three-dimensions.  Three-dimensional  hexahedral  elements  are  used  near  the  solid  body  and  analytic  series 
solution  used  in  the  rest  of  the  fluid.  Computed  examples  are  discussed. 


INTRODUCTION 

Along  with  the  technological  advances  in  designing 
and  constructing  large  ships  and  ocean  structures, 
the  need  for  rational  and  efficient  computation  of 
hydrodynamical  effects  to  supplement  laboratory 
modelling  is  now  widely  accepted.  As  in  ship 
hydrodynamics  one  usually  adopts  the  linearized 
approximation  which  requires  the  wave  amplitudes 
to  be  small.  In  this  limited  framework  many  gen- 
eral relationships  among  the  hydrodynamical  quan- 
tities can  be  deduced,  see  for  example  Wehausen 
(1)  and  Newman  (2),  which  can  either  help  to  reduce 
the  necessary  calculations  to  a minimum  or  to  pro- 
vide decisive  checks  on  them.  However  in  practi- 
cal applications  one  must  eventually  face  the  task 
of  calculating  some  of  these  quantities.  While 
for  special  geometries  various  ad  hoc  methods  are 
available,  for  general  geometries  one  must  resort 
to  a largely  numerical  effort.  For  both  two  and 
three  dimensional  problems  the  semi-analytical 
method  of  Green  function  has  been  the  most  popular. 
It  usually  leads  to  an  integral  equation  along  a 
line  for  two-dimensional  problems  or  along  a sur- 
face for  three-dimensional  problems.  The  integral 
equation  is  then  discretized  to  give  an  approxi- 
mate set  of  algebraic  equations.  In  water  waves, 
the  Green  function  is  usually  singular  and  compli- 
cated, which  implies  the  same  for  the  kernel  of 
the  integral  equation.  Consequently,  one  must 
handle  the  numerical  operations  carefully  and  lab- 
oriously; the  associated  computing  cost  can  often 
be  high.  Nevertheless  this  method  has  been  suc- 
cessfully used  by  several  authors;  see  for  example 
Garrison  (3).  There  are  also  situations  where  the 
Green  functions  are  either  too  complicated  or  can- 
not be  easily  constructed;  alternative  methods  are 
therefore  desirable. 

In  this  paper  we  shall  briefly  describe  a less  ana- 
lytical method  involving  finite  elements.  It  is 
in  principle  an  extension  of  the  hybrid  element 
method  reported  at  the  Tenth  Symposium  or.  Naval 
Hydrodynamics  by  Chen  and  Mei  (4)  and  by  Bai  and 
Yeung  (5).  Briefly  the  idea  is  to  use  simple  ana- 
lytical solutions  in  the  region  away  from  the  body 
and  from  local  depth  irregularities,  and  to  use 
discrete  finite  elements  in  the  region  near  them. 
Similar  ideas  have  been  used  long  ago  in  conjunc- 
tion with  finite  differences  where  there  is  a sin- 
gularity in  the  region  of  computation.  It  is 
based  on  the  plausible  argument  that  an  analytical 


solution  of  reasonably  elementary  form  which  satis- 
fies the  differential  equation  and  some  of  the 
boundary  conditions,  in  particular  the  singularity 
condition,  must  provide  a more  efficient  repre- 
sentation than  a simple  interpolation  function 
which  satisfies  few  or  none  of  these  conditions. 
Near  the  body  of  an  arbitrary  shape,  analytical 
representations  are  often  too  cumbersome  or  im- 
possible; it  is  here,  however,  that  the  power  of 
finite  elements  can  be  most  fully  utilized.  The 
arrangement  of  the  elements  can  be  very  flexible 
in  order  to  fit  the  boundary;  the  resulting  stiff- 
ness matrix  is  easier  to  calculate  because  of  the 
usually  simple  interpolation  functions.  As  in 
classical  finite  element  methods  involving  a fin- 
ite domain  it  is  desirable  to  recast  the  boundary 
value  problem  as  a variational  principle,  so  that 
a certain  global  quantity  is  stationary.  In  a 
hybrid  approach  it  is  computationally  desirable 
to  incorporate  the  continuity  requirements  as  nat- 
ural boundary  conditions  at  the  border  of  two  re- 
gions where  different  representations  are  used. 

If  this  can  be  done  then  all  the  unknowns  asso- 
ciated with  the  finite  elements  and  with  the  ana- 
lytical representation  can  be  solved  simultaneous- 
ly after  extremizat ion . For  scattering  and  radi- 
ation problems  in  water  waves  the  required  varia- 
tional formulation  has  been  accomplished  with  a 
suggestion  due  to  P.  Tong.  Application  to  two- 
dimensional  problems  is  fully  explained  in  (4)  and 
(5)  where  numerical  examples  have  demonstrated  the 
success  of  this  method. 

Although  extension  of  the  hybrid  method  to  three- 
dimensional  problems  is  straightforward  in  princi- 
ple, it  is  valuable  to  work  out  a few  numerical 
examples  in  order  to  examine  its  efficacy.  Since 
the  increase  of  one  space  dimension  leads  to  a 
significant  increase  in  computer  storage  and  exe- 
cution time,  it  is  not  clear  a priori  whether  this 
method  offers  a viable  alternative  to  the  Green 
function  method.  In  this  paper  we  report  a few 
test  results  and  the  associated  computational 
information.  All  the  results  have  been  found  to 
be  very  accurate  by  checking  with  the  optical 
theorem  which  is  an  exact  conservation  relation 
in  scattering  theory. 
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A amplitude  of  the  Incident  wave 

A(8)  angular  distribution  of  the  scattered  wave 


of  oscillation,  then  $ satisfies 


B solid  boundaries 

C_  force  coefficients  1 • x,  y,  z along  x,  y,  z 
1 axis 

moment  coefficients  1 - x,  y,  z along  x,  y, 
1 z axis 

error  defined  by  the  optical  theorem 
E|p|  error  In  force  coefficient  magnitude 

F free  surface 

g gravitational  acceleration 

h sea  depth 

Hankel  function  of  the  first  kind 
n 

1 Imaginary  unit 

1^  ...  Ig  integrals  in  the  functional 

J stationary  functional 

k incident  wave  number 

o 

[K],  [Ky],  [Kc ] , [Kp],  [Kp]  stiffness  matrices 

K modified  Bessel  function 

n 

g 

Ni  element  interpolation  function 

{Qc),  {Qp}  load  vectors 

r radial  coordinate  r2  • x2  + y2 
S vertical  cylinder  bounding  the  finite  ele- 

ment region 
t time 

V fluid  volume  inside  S 

V'  fluid  volume  exterior  to  S 

x,  y,  z rectangular  coordinates  with  z verti- 
cally upwards 


x2  + y2 


a 6 

mn  mn 


expansion  coefficients  of  the  solution 
in  V' 


imaginary  roots  of  the  dispersion  relation 

polar  angle 
angle  of  incidence 

total  wave  potential 
incident  wave  potential 

scattered  wave  potential 


V2<t  - 0 


in  fluid 


1^-  - — ip  ■ 0 on  the  free  surface,  F,  z - 0 (2) 

« g 

•1^  * 0 on  all  solid  boundaries,  B (3) 

on 

The  incident  plane  wave 

. . cosh  k (z  + h)  ik  r cos(6  - 9_) 

a.  _ “IgA  O O I /M 

*1  a cosh  k h e (4) 

o 

is  prescribed  where  kQ  is  the  positive  real  root 
of  the  dispersion  relation 

<u2  • gk  tanh  kh  (5) 

At  infinity  the  scattered  wave  defined  as  $ * 

$ - must  be  outgoing,  i.e. 

(~  - ik  <p  ) - 0 k r » 1 (6) 

o dr  os  o 

The  solid  boundary  B includes  all  breakwaters, 
stationary  platforms,  ships  and  the  sea  bottom. 


THE  VARIATION  PRINCIPLE  FOR  THE  HYBRID  ELEMENT 
METHOD 

Referring  to  Figure  1,  we  introduce  an  artificial 
vertical  cylinder  S which  is  just  large  enough  to 
enclose  all  solid  bodies  and  depth  irregularities, 
and  denote  the  fluid  region  inside  S by  V and  out- 
side by  V’ . Let  the  wave  potential  exterior  to  S 
be  denoted  by  4'  * where  the  symbol  ( ) ' 

refers  to  quantities  in  V'.  We  shall  require 

to  satisfy  Eq.  (1)  in  V',  Eq.  (2)  on  the  free  sur- 
face of  V',  i.e.,  on  F',  Eq.  (3)  on  the  sea  bottom 
B'  and  Eq.  (6)  at  infinity.  It  is  easy  to  show 
that  <t>^  may  be  represented  by 


value  of  potential  at  node  1,  element  e 


1)'  • Z (a  cos  n9  + 6 sin  n8)cosh  k (z  + h) 


nodal  potential  vector  for  nodes  on  the 
surface  S 

unknown  coefficients  vector  consisting  of 

a and  B 
mn  mn 

total  unknown  vector 
wave  frequency 

transpose  of  vector  { } 

transpose  of  matrix  [ ] 


H (k  r)  + £ E (a  cos  n8  + 6 sin  n6)  • 

n o i n mn  mn 

m*i  n-U 

cos  < (z  + h)K  (ic  r)  (7) 

m n m 

where  < , m • 1,  2,  3,  ...  are  real  and  positive 
m 


THE  BOUNDARY  VALUE  PROBLEM 

The  general  problem  of  three-dimensional  scatter- 
ing of  water  waves  in  an  ocean  is  formulated  un- 
der the  following  usual  assumptions: 

(1)  potential  flow 

(2)  small  wave  amplitude 

(3)  simple  harmonic  incident  waves 

(A)  constant  depth  h away  from  the  floating  or 
the  submerged  bodies 

(5)  rigid  and  perfectly  reflective  boundaries 

Let  the  velocity  potential  be  the  real  part  of 
<t>(x,y,z)  e where  a is  the  angular  frequency 


\B  "■j 


Figure  1 Introduction  of  an  artificial  circular 
cylindrical  surface  S. 
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roots  of 


- g < tan  < h 
° m m 


or  equivalently  the  positive  imaginary  roots  of 

Eq.  (5).  The  coefficients  a , a , B » and  B 

on  mn  on  mn 

are  to  be  found.  By  using  the  argument  in  Chen 
and  Mei  (4)  or  its  variant  by  Bai  and  Yeung  (5) 
it  is  easy  to  prove  that  the  following  functional. 


\ | (V*)2dV  - | <D2  dF  + 

V F 

* ) 1<I  *i  ‘ V If"  ■ i *, 


r-K?-  <’> 


is  stationary  if  and  only  if  4>  satisfies  Eq.  (1) 
in  V,  Eq.  (2)  on  the  free  surface  F in  V,  Eq.  (3) 
on  the  bottom  and  the  solid  bodies  in  V,  and  is 
continuous  with  <t>'  on  the  surface  S: 


♦ - O' 


3$  3<t>' 

and 

3r  3r 


on  S (10.  11) 


Of  particular  significance  is  that  Eqs.  (10)  and 
(11)  are  satisfied  as  natural  boundary  conditions. 
This  is  helpful  in  computational  work  since  it 
implies  that  they  will  be  automatically  satisfied 
in  the  limit  of  vanishingly  small  finite  elements 
and  infinitely  many  terms  in  Eq.  (7). 


surfaces  of  V are  divided  into  quadrilateral  area 
elements.  The  block  elements  are  isoparametric 
with  20  exterior  nodes  and  belong  to  the  serendi- 
pity family  (Zienklewicz  (6),  see  Figure  2);  the 
interpolation  functions  are  quadratic.  The  choice 
is  made  for  c on ven i enc e of  node  numbering,  ease 
of  checking  element  arrangement,  and  for  numerical 
efficiency.  The  element  interpolation  functions 
are  expressed  in  cannonlcal  coordinates  Z,  0,  C 
which  must  be  mapped  to  the  physical  coordinate 
system  x,  y,  z.  Denoting  for  each  element  the 
potential  to  be 


$ (C.n.t) 


20 

e e 
■IN* 

i-1 


where  N®  ■ N*(£,n»C).  The  global  coordinates  (xe, 

yS,ze)  within  an  element  are  related  to  local  (£, 
n,C)  coordinates  by 


[xe,ye,ze]  - {Ne)T[Xe] 


where  {Ne}^ 


[N*.  N*. 


N2q]  and 


e e e 
x20  y20  Z20 


We  comment  that  the  choice  of  the  shape  of  S 
can  be  quite  flexible.  For  instance,  to  reduce 
the  number  of  finite  elements,  the  cylinder  S 
need  not  be  circular  although  in  practice  evalua- 
tion of  the  integral  along  a circular  cylinder  is 
simpler.  Secondly,  the  analytical  representation 
in  V'  may  also  be  chosen  in  a number  of  ways. 

One  can,  for  example,  employ  the  Green  function 
representation.  However,  its  use  in  V'  would 
lead  to  an  integral  equation  on  S and  therefore 
much  the  same  tedium  as  in  the  direct  integral 
equation  approach.  The  above  remarks  are  intui- 
tive and  it  would  be  interesting  to  check  them 
by  numerical  experiments.  Systematic  optimiza- 
tion may  be  a subject  for  the  future. 


is  the  3 x 20  matrix  of  (global)  coordinate  values 
of  the  element  nodes.  We  next  substitute  these 
into  the  volume  integral  to  obtain,  after  assembl- 
ing 


Ix  - \ (V<t>)  2dV  = | {<()}T[Kv]{<J,> 


where  [K^]  » assemblage  of  [K^J  with 


(K^l  - [ V{Ne}V{Ne}T  dVe]  20  x 20 


FINITE  ELEMENT  APPROXIMATION 

The  functional  is  first  expressed  as  a sum  of  six 
Integrals. 


j . jl  (V*)*dV  - J fi*2  dP  + if  ^Ij-^dS- 


It  should  be  pointed  out  that,  since  {N  } is  ex- 
pressed in  local  coordinates,  dVe(x,y,z)  must  be 
expressed  as  J dVe(£,n,?)  where  J is  the  Jacobian 
of  coordinate  transformation.  The  final  integra- 
tion is  carried  out  numerically  by  Gauss-Legendre 
quadrature  with  21  integration  points  in  a cubic 
element . 


Mr*:  "♦J*l2£d5-I*fc*l  dS 


(Ifi)  (12) 


Each  Integral  is  labelled  by  the  symbol  beneath. 

The  first  integral  over  the  volume  V is  conven- 
tional. We  choose  to  divide  the  interior  of  V 
into  a finite  number  of  hexahedral  (six-sided 
block)  elements.  Correspondingly  the  boundary 


The  Integral  on  t'le  free  surface  is  a two-dimen- 
sional version  of  1^  and  need  not  be  discussed. 

With  the  circular  geometry  of  S and  the  chosen 
representation  for  <p  ' , the  Integral  I.  can  be 
integrated  directly.  Define  the  vector  {p} by 

{pf  - ^a00*a01'B01,0l02'B02'  01  ON  ,e0N  *a10,0lll’ 

o o 


B 11  ’ ’ * ,aM0 ,aMl  * 1 BM1  * * * ‘aMNM * BMNm* 
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we  obtain  for  1^  a quadratic  form 


x3  -\\  ds 


where  [K^]  is  diagonal.  If  the  i-th  term  of  {p } 

is  either  a or  8 , then  the  corresponding  dia- 

mn  mn 

gonal  element  of  [K^]  is 

H(1)(k  r ) H(1),(k  rc)(sinh  2k  h+2k  h) 
2e  n o S n o S o o 

" m = 0 


^ K (k  r )K' (k  r ) (sin  2k  h + 2k  h) 
2enmSnmS  m m 

n i i 

m » 1,2, . . 


where  r<,  is  the  radius  of  S and  the  Jacobi  symbol 

e is  introduced.  We  remark  that  if  S had  been 
non-circular,  [K^]  would  be  fully  populated. 


c \ 

5 

9 10,1,1) 

19?  ^ 

10 

— o 

16  x'' 

o' 

!4p/ 

0 

Integral  1^  involves  the  coupling  of  $ and 

along  S.  Again  numerical  quadrature  is  performed 
over  the  isoparametric  quadrilateral  area  elements 
on  S and 


\=  0!  dS  S Z {p>T[K®] {$e> 
dr  8 eeS  L 


= {y}T[Kc]T{$}  (21) 

where  {$e},  {$}  refer  to  nodal  points  on  S and  are 

subsets  of  {(J)6},  {<{>}.  It  is  important  to  rewrite 
the  right  hand  side  of  Eq.  (21)  as 

I4:|  {y}T[Kc]T{i)  + | 0 } T [ Kc ] { y } (22) 

This  arrangement  ensures  the  symmetry  of  the  global 
stiffness  matrix,  although  [ K^. ] is  asymmetric 
and  complex. 

I_  and  I.  involve  the  known  potential  <pT,  hence 
ob  i 

the  integrals  may  be  written  as 

X5  S ' {VT{u}  ’ T6  S “ <Qp>T{iJ  (23,24) 

where  the  vectors  { Qc } and  {Qp}  are  known. 

Finally,  substituting  the  matrix  forms  of  1,-1, 

1 o 

into  Eq.  (12)  and  extremizing  with  respect  to  {$} 
and  {p}  we  obtain 

( fKy]  + [ttp))  {<(>}  + [Kc]{p>  - { Qp } (25) 


12  4 
(a) 


[KpHu)  + [Kc)l{0}  - { Qc } 

which  may  be  combined  to  give 
[KK*}  - (Q) 


Figure  2 20-node  hexahedral  element  of  the  ser- 
endipity family.  (a)  in  local  coordi- 
nates. (b)  arbitrarily  oriented,  quad- 
ratic-sided daughter  element  in  global 
coordinates  after  isoparametric  mapping. 


tv  + [V 


[V  NS 


(kc1t  tv 


N — Ns  — H 


where  Ny,  Ng  are  the  number  of  element  nodal 

points  in  V and  on  S respectively,  and  Np  is  the 

T 

number  of  entries  in  {p},  and  {ij;}  is  the  total 
unknown  vector, 

- [4)t.  (p}T]  (2 


with  the  boundary  nodal  potentials  {$}  assigned  to 
the  end  of  the  vector  (<J)}. 
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The  final  matrix  equation  which  involves  complex 
entries  [K^],  [K^]  is  solved  by  Gaussian  elimina- 
tion. Since  the  computer  programming  involved  in 
these  steps  is  lengthly,  we  have  checked  the  sub- 
routines for  the  integrals  by  using  simple  exam- 
ples which  involve  only  one  of  the  integrals  at  a 
time  and  which  can  be  evaluated  analytically. 


c„  = i i - x.y.z  (32. b) 

pgTia2HA 

where  11  is  the  draft  and  a is  a typical  horizontal 
dimension  of  the  body.  refers  to  the  force 
component  in  the  i-th  direction  and  M^,  the  moment 
component  about  the  i-axis,  i.e. 


NUMERICAL  EXAMPLES 

The  following  examples  were  treated  by  Gaussian 
elimination  in  single  precision  without  secondary 
storage.  The  total  number  of  unknowns  was  there- 
fore limited  by  the  available  core  of  the  exist- 
ing IBM  370-168  computer  at  M.I.T.  Our  examples 
were  chosen  according  to  these  limitations.. 

As  a measure  of  accuracy,  we  made  use  of  the 
optical  theorem  well-known  in  physics  which  is  a 
consequence  of  energy  conservation  and  had  been 
derived  for  water  wave  scattering  by  Maruo  (7). 

It  states  that  the  complex  angular  factor  of  the 
scattered  wave  ,4(9)  in  the  far  field  is  governed 
by  the  following  relationship: 

2tt 

M(9)l2«  - <29> 

o 

where  9^  is  the  angle  of  the  incident  wave  and 

Ref.  ) denotes  the  real  part  of  ( ) . For  the  form 
of  4>'s  assumed  in  Eq.  (7),  Eq.  (29)  reduces  to 


CKJ2  + |Boni2) 


cosh  k h 
o 


•Re(Z  (-1)  (a  cos  n9_  + 8 sin  n9_)) 
' on  I on  I 

n=0 


where  a , 8 are  dimensions  and 
on  on 


(30) 


a 

a 

on 

la) 

on 

8 

' fcA  ( 

6 

on 

on 

We  shall  define  a global  relative  error  measure 
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We  further  define  dimensionless  force  and  moment 
coefficients  by 
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and 
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As  a first  check  we  studied  the  case  of  diffraction 
by  a vertical  cylinder  of  circular  cross  section 
with  radius  a,  extending  from  the  sea  bottom 
at  depth  h out  of  the  free  surface.  The  exact 
analytical  theory  is  well-known  and  affords  a check 
for  the  correctness  and  the  efficiency  of  the  num- 
erical theory.  In  the  theory  a , 6 all  vanish 

mn  mn 

for  mil,  i.e.,  the  double  series  in  Eq.  (7)  does 
not  appear.  In  our  numerical  experiments  we 
took  m - 0,  1,  2,  3,  4,  in  order  to  check  whether 
the  contribution  by  terms  with  m / 0 were  indeed 
negligible.  The  finite  element  grid  consisted  of 
two  horizontal  rings  of  18  elements  each,  stacked 
to  form  a single  shell  surrounding  the  cylinder 

(Figure  3).  The  numbers  of  coefficients  N chosen 

m 

for  the  five  eigenvalues  were  = 12, 

- - 10.  Excellent  results  were  obtained  for 


-z*0 


- z *-a 


r =1  5o 


Figure  3 Finite  element  structure  for  a complete 
cylinder  radius  a:  36  elements,  342 
nodes . 
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k^a  up  to  at  least  7 In  both  the  local  potential 

and  the  horizontal  wave  force.  Furthermore  we 

found  that  a ,8  , m + 0 were  not  always  small 

mn  mn 

by  themselves  but  their  product  with  K (k  r)  were 

n m 

always  negligible  because  of  the  exponential  decay 
of  the  modified  Bessel  functions.  E ranged 

-5  -3opt 

from  . 10  for  low  k a up  to  . 10  for  k a . 7. 

o o 

The  relative  error  in  the  magnitude  of  the  hori- 
zontal force 

E | F I “ I ICfJ  analytic  “ ICfJfeM  I / ^ CFx  I analytic 
is  presented  in  Figure  4 as  an  example. 


Figure  4 Relative  error  in  the  magnitude  of  the 
horizontal  force  on  a complete  cylinder. 


He  also  treated  a less  trivial  case  of  a circular 
dock  for  which  numerical  results  from  a semi- 
analytical  theory  exists  (Garrett  (8),  Black,  Mei 
and  Bray  (9)).  The  geometry  and  grid  system 
is  shown  in  Figure  5.  Note  that  the  density  of 
nodes  is  higher  near  the  sharp  corners.  With  re- 
gard to  the  number  of  coefficient  terms  used,  the 
result  for  the  kQa  range  considered  was  found  to 

be  essentially  unaffected  by  reducing  from  our 
previous  choice  to  a cruder  set  with  m » 0,  1,  2, 
3 and  N1  • 9,  i ■ 0 to  3. 

Again  E was  found  to  be  small,  ranging  from 
-5  opt  -3 

- 10  J for  k a - .5  to  . 10  J for  k a - 6.  The 
o o 

comparison  of  wave  force  coefficients  with  the 
results  by  Garrett  (8)  is  shown  in  Figures  6. a 
and  6.b.  The  discrepancies  are  imperceptible  on 
the  graphs. 


Figure  5 Finite  element  structure  for  a floating 
dock:  56  elements,  435  nodes 


As  a final  example  we  calculated  the  wave  forces  on 
a square  barge.  No  results  for  this  geometry  are 
known  to  us.  As  with  the  previous  cases,  no  advan- 
tage was  taken  of  symmetry  in  the  geometry.  A 
finite  element  grid  with  56  elements  and  435  nodes, 
similar  to  the  one  used  for  the  circular  dock,  was 
employed  here.  The  complete  grid  system  here .which 
minimized  the  bandwidth  of  the  resulting  equation 
matrix,  was  generated  by  computer,  as  in  all  the 
examples  studied.  The  correspor  ng  force  and  mo- 
ment components  for  a range  of  kQa  are  shown  in 

Figures  7.a,b,c.  The  computing  time  required  rang- 
ed from  about  2.6  to  2.8  minutes  per  wavelength  for 
all  the  examples  presented.  This  is  already  com- 
petitive with  known  Green  function  methods.  Ex- 
perience indicates  that  our  computing  cost  is 
essentially  governed  by  the  number  of  nodes.  For 
finite  element  method,  the  number  of  nodes  in- 
creases with  the  fluid  volume,  while  for  Green 
function  method,  the  number  of  area  elements  re- 
quired increases  with  the  total  wetted  solid  sur- 
face. Thus  as  the  number  and  complexity  of  solid 
components  increase  in  a given  fluid  region,  we 
expect  the  hybrid  element  method  to  be  less  costly 
while  the  opposite  is  true  for  Green  function 
method. 

It  is  clear  that  by  lifting  the  restriction  on  the 
total  number  of  unknowns,  the  extension  to  more 
complicated  structures  including  depth  variations 
is  straightforward.  The  hybrid  element  method  is 
therefore,  in  our  opinion,  a practical  one  for 
industrial  applications.  It  can  be  easily  modified 
for  calculating  the  added  mass  and  damping  coef- 
ficients in  radiation  problems.  For  practical  pro- 
blems it  is  desirable  to  use  secondary  storage  and 
double  precision,  the  latter  is  likely  necessary 
to  reduce  round-off  accumulation  error. 
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Figure  6 Comparison  between  finite  element  solutions 
+,  amplitude;  x,  phase  and  Garrett  (8)  results: 

, amplitude;  , phase;  for  a circular  dock. 

(a)  horizontal  force  coefficient  Cp 

(b)  vertical  force  coefficient  Cp  x 


Figure  7 Forces  on  a square  dock:  — + — , 

magnitude;  — x — , phase.  Wave  incident 
from  x . + 

(a)  horizontal  force  (b)  vertical  force 

(c)  moment  about  y-axis. 
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THE  SECOND  ORDER  STEADY  FORCE 
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Equations  for  the  second-order  steady  horizontal  force  and  yawing  moment  are  derived  for  a ship 
moving  with  a constant  "mean"  forward  speed  into  an  oblique  plane  progressive  wave  system.  The 
analysis  is  developed  within  the  context  of  a linearized  ship-motion  and  infinitesimal  waterwave  theories 
for  an  ideal  fluid.  General  results  are  obtained  from  momentum  considerations  and  through  use  of  an 
asymptotic  form  of  the  Green’s  function  valid  at  a large  distance  from  the  ship.  The  final  results  are 
expressed  in  terms  of  the  Kochin  function  which  requires  knowledge  of  the  forced-oscillation  and 
diffraction  potentials  at  the  “mean”  position  of  the  ship  surface.  To  obtain  these  velocity  potentials 
a two-dimensional  strip  method  is  used.  Thus,  the  free-surface  condition  is  taken  into  account  in 
determining  the  appropriate  potential  on  each  ship  section. 


I.  INTRODUCTION 

When  a ship  is  exposed  to  an  incoming  wave  system,  in 
additon  to  the  apparent  oscillatory  motions,  the  ship  has  a 
tendency  to  drift  away  in  the  direction  of  the  wave  propagation. 
Thus,  it  seems  reasonable  to  suppose  that  there  exist  a net 
drifting  force  and  moment  acting  on  the  ship  due  to  the 
incoming  wave  system.  This  subject  was  considered  by 
Watanabe  ( 1938)  and  Havelock  ( 1942),  and  their  analyses 
confirmed  the  existence  of  such  a net  drifting  force  by  investi- 
gating the  interaction  between  the  incoming-wave  system  and 
the  resulting  ship  motions,  even  without  taking  account  of  wave 
diffraction.  However,  the  mechanisms  of  the  drifting  forc.e  and 
moment  involve  other  aspects  of  the  interaction  which  were  not 
included  in  the  aforementioned  investigations.  It  appears  to  be 
Maruo  ( 1960)  who  first  provided  a complete  analysis  of  the 
drifting  force  acting  on  a ship  with  zero  mean  forward  speed, 
and  clarified  the  relationship  between  drifting  force  and  all 
aspects  of  wave  interaction.  Newman  (1967)  has  investigated 
the  problem  further  and  included  the  drifting-yaw  moment  and 
applied  a slender-body  theory  to  obtain  numerical  results  for 
Series  60  ships. 

Tlie  purpose  of  the  present  paper  is  to  extend  the  analyses 
of  Maruo  and  Newman  to  include  the  effects  of  constant  mean 
forward  speed.  To  differentiate  between  the  two  cases,  i.e. , with 
and  without  a constant  mean  forward  speed,  -.ve  shall  refer  to 
the  net  drifting  force  and  moment  as  derived  in  this  paper  (i.e., 
ship  with  a constant  mean  forward  speed)  as  the  “steady  force 
and  moment.”  Applications  of  the  analytical  results  of  such  an 
investigation  are  obvious.  The  longitudinal  component  of  the 
steady  force  is  applicable  to  the  prediction  of  the  added  resist- 
ance. while  the  steady  lateral  force  and  yawing  moment  may  be 
applied  to  ship’s  steering  and  control. 

The  analytical  theory  of  this  paper  is  developed  within  the 
context  of  the  linearized  theory  of  ship  motions  and  the  theory 
of  infinitesimal  waves  in  an  incompressible  inviscid  fluid.  To 
describe  the  fluid  motion,  the  perturbation  velocity  potential  is 
decomposed  into  0S,  which  describes  the  fluid  disturbance  due 
to  a steady  forward  motion  of  a ship  in  calm  water,  and  <Pj 
which  describes  the  remaining  time-dependent  fluid  motions. 

The  time-dependent  potential  is  further  decomposed  into  tp^ 
which  describes  the  incoming  plane  progressive  wave  system,  and 
yjB  which  accounts  for  the  diffracted  waves  and  waves  due  to 
forced  ship  motions.  It  is  seen  that  the  steady  force  and 
moment  are  obtained  as  time-averaged  quantities  contributed  by 
the  interactions  of  ip|  and  yiB.  It  is  seen  further  that  contribu- 
tions to  the  steady  force  and  moment  come  from  two  principal 
mechanisms:  the  interaction  between  and  .pB,  ar|d  the  action 


of  upon  itself.  Using  the  added  resistance  as  an  example, 
contributions  from  these  two  mechanisms  are  denoted  respec- 
tively as  (AR|B)  and  <ARBB>.  Part  of  (AR|B>  is  the  component 
investigated  by  Havelock  (1942)  which  is  associated  with  the 
“phase  lag”  between  the  incoming-wave  exciting  force  and  the 
resulting  ship  motions.  The  remaining  part  of  <AR|B>  is  .l  ie  to 
the  interactions  between  diffracted  and  incoming  waves. 

On  the  other  hand,  (ARBB>  is  mainly  associated  with 
energy  dissipation  through  out-going  ring  waves  from  forced 
ship  motions.  As  such,  it  may  become  more  important  as  the 
frequency  of  encounter  increases  and  may  become  less  impor- 
tant, as  far  as  the  added  resistance  is  concerned,  for  a low-speed 
ship  in  a head  or  following  sea,  especially  when  the  wave  length 
is  large.  Salvesen  (1974)  has  also  investigated  the  same  problem 
as  the  present  paper  by  using  a somewhat  different  analytical 
approach.  In  his  work  Salvesen  has  only  included  those  terms 
arising  from  the  interaction  between  the  incident  waves  and  the 
body  generated  waves.  Hence,  the  results  of  this  paper  should 
complement  those  of  Salvesen  by  providing  the  components  of 
the  force  due  to  the  interaction  of  the  body  generated  waves 
with  themselves. 

In  this  paper  the  momentum  and  moment  of  momentum 
equations  are  used  to  obtain  expressions  for  the  force  and 
moment  on  a ship  in  terms  of  the  far-field  potential.  This  far- 
field  potential  is  expressed  in  terms  of  the  potential  on  the 
mean  body  surface  by  means  of  Green's  theorem  in  conjunction 
with  the  proper  Green’s  function.  Newman  (1959)  has  obtained 
an  asymptotic  form  of  the  Green’s  function  by  means  of  the 
method  of  stationary  phase.  This  asymptotic  form  is  further 
analyzed  by  means  of  the  method  of  stationary  phase  to 
produce  a final  form  for  both  the  longitudinal  force  and  side 
force.  A similar  analysis  is  carried  out  for  the  yawing  moment. 
However,  the  stationary  phase  results  do  not  simplify  and  a 
final  form  is  not  given  here. 

The  final  equations  for  the  longitudinal  and  lateral  force 
components  are  expressed  in  terms  of  the  Kochin  function. 

Thus,  to  obtain  numerical  results,  the  final  problem  becomes 
that  of  computing  the  Kochin  function.  There  are  a number  of 
options  to  this  problem:  one  can  use  the  simpler  and  more 
elegant  slender-body  approximation  of  Newman  (1967),  or  an 
elaborate  and  rigorous  method  of  approximation  as  did  Ogilvie 
and  Tuck  (1969).  As  an  initial  experiment,  we  have  tried  to 
strike  a midground  by  employing  the  strip-approximation  as 
developed  in  the  linearized  ship-motion  theory  of  Salvesen,  Tuck, 
and  Faltinsen  (1970).  The  reason  for  this  choice  is  that  this 
strip  approximation  has  been  shown  to  give  accurate  enough 
predictions  of  ship  motions  since,  perhaps,  it  accounts  for  the 
free-surface  condition  as  well  as  the  forward-speed  effect. 
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albeit  only  in  an  approximate  manner. 


II.  Formulation  of  the  Problem 


NOMENCLATURE 

(x,y,z)  = P = x.  - a field  point. 

(x0,y0.z0)  = 0 = - a singularity  point,  or  a point  on  a 

surface. 

I - vector  OP 

Oxyz  - coordinate  system  translating  with  constant  speed  U in 
the  Ox  direction. 

Oxyz  - coordinate  system  fixed  to  the  ship. 

o - the  frequency  of  oscillation  with  reference  to  OxyT,  a 
coordinate  system  fixed  in  space. 
u - the  frequency  of  oscillation  with  respect  to  the  Oxyz 
coordinate  system  (frequency  of  encounter) 
w = o - kQU  cos  0. 

v - wave  number  based  on  frequency  of  encounter 
(v  = w2/g). 

0 - Wave  heading:  (3  = 0 -+  following  seas, 

0 = ir/2  -*  beam  seas, 

0 = ir  -*•  head  seas. 

k0  - wave  number  of  the  progressive  wave  system 
(k0  = o2/ g). 

T - OjU/g. 

U - mean  speed  of  ship. 

V£  - the  fluid  volume. 

3VC  - the  boundary  of  ¥c. 

SB  - ship’s  surface. 

SB0  - the  mean  surface  of  the  ship. 

Sp  - the  exact  free-surface. 

SF<°>  - the  undisturbed  free  surface  (the  plane  z = 0). 

XR  - far  field  control  surface,  a cylinder  of  radius  R 
extending  from  to  the  free  surface. 

XR(°*  - that  part  of  XR  extending  to  z = 0. 

Xh  - the  bottom  control  surface,  a disk  of  radius  R at 
depth  z = -h. 

Vn  - the  scalar  normal  velocity  of  9VC. 

Zw  - the  free  surface  elevation, 

g - gravitational  acceleration. 

p - fluid  density. 

A - incident  wave  amplitude. 

<t>  - total  velocity  potential. 

0 - perturbation  velocity  potential,  a real  function. 

0S  - steady-state  portion  of  0. 
p - the  complex  perturbation  potential. 
pj  - the  time  varying  portion  of  p. 

<Pj  - the  incident  wave  potential. 

PB  - the  potential  of  the  body  generated  waves. 
pjj  - the  diffraction  wave  potential. 

P^  - the  forced-oscillation  wave  potential. 

A • B - scalar  product  of  two  vectors. 

A.-  j)  - vector  product. 

n - three-dimensional  normal  vector  pointing  out  of  the 
fluid. 

NjD  - two-dimensional  unit  normal  vector  to  a ship  cross 
section. 

F - force  due  to  pressure  acting  over  the  actual  ship- 
wetted  surface. 

£!0  - moment  about  the  origin  of  the  steady-translating 

coordinate  system. 


Consider  a ship  moving  into  a plane  progressive  wave 
system.  As  usual,  we  shall  suppose  that  the  fluid  is  inviscid  and 
incompressible,  that  the  ship  is  sufficiently  “slender”,  and  that 
the  amplitude  and  slope  of  the  incident  waves  are  small  so  that 
the  mathematical  problem  describing  the  resulting  irrotational 
free-surface  flow  may  be  linearized.  We  shall  suppose  further 
that  the  ship  is  making  small  oscillatory  motions  in  a periodic 
manner  about  a “mean”  position  which  is  translating  with  a 
constant  forward  speed  U.  Lastly,  we  shall  suppose  that  the 
water  is  infinitely  deep. 

Let  Oxyz  be  a right-hand  Cartesian  coordinate  system 
translating  with  the  mean  position  of  the  ship,  with  Oz  directed 
upward  (against  gravity),  Ox  toward  the  bow,  Oy  to  port,  and 
the  Oxy  plane  coinciding  with  the  undisturbed  free  surface.  A 
similar  coordinate  system  fixed  in  the  ship  will  be  chosen  such 
that  when  the  ship  is  floating  on  the  undisturbed  free  surface, 
the  two  coordinate  systems  coincide. 

Since  the  Oxyz  system  is  translating  with  a constant 
velocity,  it  may  be  regarded  as  an  inertial  reference  frame.  We 
shall  develop  a potential  flow  with  reference  to  this  coordinate 
system.  Let  the  total  velocity  potential  4>  be  given  by: 


4>(x,  y,  z,  t)  = -Ux  + </>,  (2.1) 

so  that  its  gradiant  gives  the  total  fluid  velocity  relative  to  the 
Oxyz  frame  as  follows: 

q = V<t>  = -Ue, +V0,  (2.2) 

where 

V 0 = v = ue,  + v£2  + w£3  (2.3) 

represents  the  perturbation  fluid  velocity.  We  shall  use  ej , ej, 
and  S3  to  represent  the  three  base  vectors  of  the  Oxyz  frame. 
According  to  linearized  theory,  the  perturbation  potential  0 is 
required  to  satisfy  the  following  conditions: 


R 


A0  = 0,  z < 0, 


) = 0, z = 0, 


„ 3\2  3 

-Udxj  + 8 dz 

lim  | V0 1 = 0,  I = 0,  all  x,  y,  t. 

/—  - OO  ’ ' ' 1 L 


(2.4) 


Other  conditions  which  are  to  be  satisfied  by  0 will  be  specified 
as  needed. 

The  Force.  As  shown  in  Appendix  A,  the  force  equation  may 
be  given  by: 

Xr  ^ i 

- V0|-Un,  + V0  • n_  1 + gzn^ 

"c 

where  XR  is  a cylindrical  control  surface  with  a large  radius 
R = s/  X4  + y2  which  extends  from  z = - °°  to  the  actual  free 
surface  Sp.  Q,  as  given  by  equation  (A.  10)  is  the  total  fluid 
momentum  (with  reference  to  the  Oxyz  system)  within  the 
control  volume  Vc  and  f,  as  given  by  equation  (A.  12),  is  related 
to  the  net  “flux"  of  fluid  leaving  Vc  across  the  control  surface 

£r 
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Since  Sr  is  a cylindrical  surface,  it  will  be  convenient  to 
i.itioduce  a cylindrical-polar  coordinate  system.  Let  (R,0,  z)  be 
the  coordinates  of  such  a system.  These  coordinates  are  related 
to  the  Oxyz  system  as  follows: 

x = R cos  0,y  = Rsin0,O<0<2tr,  R = y/\2  + y2  . (2.6) 

Thus,  on  the  cylindrical  control  surface  SR,  we  have: 

_ , _ 90 
n -V0--, 

R 

n = j-g-j  = cos  0 £|  + sin  0 e2 

dS  = R d0dz.  (2.7) 

Suppose  that  the  force  vector,  decomposed  along  the  Oxyz  system, 


£=  F1  £l  + F2-&2  + F3  £3 

In  this  work,  we  are  only  interested  in  the  force  components  in 
the  horizontal  plane,  Fj  and  F2.  If  we  make  use  of  equation 
(2.7),  the  following  formulas  may  be  obtained  from  equation 
(2.5): 

r2lt  rzw  ( 3<*  3(4 

Fl=P/  MRL  dZ  I"  9R  9x  + 

+ COS0  ^+j|vo|2+gzj|  + e,  -X,  *42.  (2.8) 

F2=Pp0R/\z{-|||  + 

+ sin0U|v0p  + g-ug  + gz  + 

30)  d2 

+ cos  0 U 3y  I +~2  ’i“~2  ’ <29> 

where  Zw  denotes  the  free-surface  elevation.  Note  that 
equations  (2.8)  and  (2.9)  are  still  “exact”  in  that  no  approxima- 
tions have  been  introduced.  Thus,  the  z-integrations  in  both 
equations  involve  the  actual  free-surface  Sp,  z = Zw(x,y,t). 

Since  in  this  work  we  shall  pursue  an  approximation  up  to  the 
second  order  in  the  perturbation  potential,  linearization  may  be 
introduced  to  simplify  the  z-integrations. 

Proceeding  with  such  a linearization,  first  recall  that 
according  to  linearized  theory  the  free-surface  elevation  is  given 

■*-; i|£-u“L 

For  example,  by  making  use  of  the  mean-value  theorem  and  a 
Taylor’s  series  expansion,  the  z-integration  of  a typical  term  in 
equation  (2.8)  may  be  treated  as  follows: 


j (si.,,*2’ 


. . .\  • cos  0 


cos  0 + O(03). 
0 


mations  to  each  of  the  terms  of  equations  (2.8)  and  (2.9),  the 
following  results  are  obtained: 


dQ 


'-‘if  “ "I}1  fir S * "n 9 ■ [tI v,l! * s - u s] 

30  1)  dQ 

'2U37c°sflJ|  ‘X-ll  ’ dt  • (2.13) 


,/.=Zw(x.y,t) 


-sr  T sb['ir 


u t~r  r~ 

rii  21 

Figure  I Coordinate  System 

Note  that  these  two  equations  are  accurate  only  to  the  second 
order  in  the  perturbation  potential,  0. 

We  shall  now  decompose  the  perturbation  potential  0 into 
a steady-state  part,  0S,  and  a time-dependent  part,  0p,  i.e., 

0 = 0s(x,y,z)  + 0T(x,y,z,  t),  (2.14) 

where  0S  describes  the  disturbance  due  to  the  steady  forward 
motion  of  the  ship  in  calm  water  and  <pj  describes  all  remaining 
fluid  motions.  According  to  linearized  theory,  0j  can  be  further 
decomposed  as: 

0T  = 0(  + 0D  + 0M  = 0f  + 0g,  (2.15) 

where  0j  is  the  potential  of  the  incoming  plane  progressive  wave, 

0D  the  diffracted  wave  potential,  and  0y  the  forced-oscillation 
wave  potential.  Since  both  0q  and  0m  are  generated  by  the  ship 
and  satisfy  the  same  radiation  condition  at  infinity,  we  shall  denote 
their  sum  as  0g.  The  function  <t>\  is  given  by  the  following  equation 


where  z denotes  a mean  value  and  O<03)  indicates  that  the 
remainder  is  of  the  third  order  in  0 Applying  similar  approxi- 


0, “IRe^tx.y.z)  e" 


_ _ As  ek.z  . ei[-ko  XCOS0  -ko  y sin/3] 


In  the  above  equation,  A is  the  wave  amplitude,  o is  the 
wave  frequency  with  reference  to  a coordinate  system  fixed  in 
space,  k0  = a2l g is  the  wave  number,  0 is  the  wave  heading 
angle  measured  counterclockwise  from  the  positive  x-direction  to 
the  direction  of  wave  propagation,  and  00  is  the  frequency  of 
encounter  with  reference  to  the  translating  coordinate  system 
Oxyz.  The  wave  frequency  a is  related  to  u by: 

u * a - k.Ucos(3.  (2.18) 
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Substituting  k0  = o2/ g into  equation  (2.18)  and  solving  for  a 
gives: 


and 


k„  = 


1 ± y/  1 - 4 r cos  /? 
2 r cos  0 


_ y [ 1 - 2 t cos  0 - y/ 1 - 4 r cos  g ] 


(2.19) 


2 T2  cos2  0 


(2.20) 


where  t = cuU/g,  and  v = cj2/g. 

In  terms  of  the  complex  representation,  (2.14)  may  be 
written  as: 


<t>  = 0s(x.y,z)  + IRe  ^T(x,y,z)  e1 


icot 


(2.21) 


and  similarly, 


IRe 


* B 1 


(2.22) 


Recalling  that  0 is  required  to  satisfy  the  conditions  in 
equation  (2.4),  the  free-surface  condition  for  < pj  becomes: 


VifiT(x,  y,o)  + i2r  — 

3x  " dx2 


dz 


0.  (2.23) 


Fk  FkS  + FkST  + FkT  + 


(2.24) 


where  Fkg  represents  those  integrals  involving  only  0g,  Fkp 
represents  those  only  involving  0T,  and  FkST  represents  those 
integrals  of  cross  products  between  0g  and  0j.  Obviously,  Fkg 
is  independent  of  time,  Fkgp  is  linear  in  0p,  and  Fkp  contains 
quadratic  as  well  as  linear  terms  in  0p.  In  order  to  obtain  the 
steady  force  and  moment  we  need  the  time-averaged  values  of 
the  time-dependent  part  of  the  forces  and  moments. 

The  time  average  of  a function  F is  defined  by: 


<F> 


-i 

T J dt 


F(t), 


(2.25) 


where  T = 2tr/co  is  the  period  of  the  oscillation.  Suppose  that 
Aft)  = Re  aeia,t  and  B(t)  = Re  beiu)*  are  two  periodic  functions 
of  t.  then  the  following  rules  may  Ire  easily  established: 

< A > = < IRe  aeia,t  > = 0,  (2.26) 

(A  - B>=  < ( IRe  aei<J,)(IRe  beiw,)> 

= |lRe(ab*)  = ylRe(a*b),  (2.27) 

where  a*  denotes  the  complex  conjugate  of  a. 

Applying  these  rules  to  the  time-averaged  force,  we  have 
from  equation  (2.24) 


<AFk>  = <Fk-FkS> 


<FkST>  + <FkT>  + 


<4-£)> 


(2.28) 


From  equation  ( A.  1 0)  and  ( A.  1 2)  in  Appendix  A,  it  is 
obvious  that  the  fluid  flux  X and  the  linear  momentum  Q both 
are  linear  in  0j  = ipp  eia,t.  Since  such  a linear  dependence  is 
also  found  in  Fkgp,  by  applying  equation  (2.26)  we  have: 


<FkST>  = °> 


and 


(2.29) 


(2.30) 


Hence,  (2.28)  yields  only: 

(AFk>  = (FkT).k  = 1,2. 


(2.31) 


Combining  the  results  obtained  in  equations)  2.28)  through  ( 2.3 1 ) 
with  equations  (2.1 2)  and  (2.1 3),  the  time-averaged  horizontal- 
force  components  are  respectively: 

/2a  / o /90p  90i 

<af,>  = p/o  deRj  _dz<<air  ^ 

+ 4|v0p|  2cos^> 


and 


If  we  next  substitute  the  decomposition  equation  (2.14)  into 
equations  (2. 12)  and  (2.13),  we  may  write  the  force  components, 
Fj  and  F2  in  the  following  form: 


1 2 . 

+ — y0y  sin  6 


-U2'*  <!<-£-"£> 


(2.33) 


where  the  terms  linear  in  0-p  have  been  dropped. 

Next  we  shall  substitute  the  complex  form  of  the  decomposition 
for  0p,  namely: 


0j-0|+0B=  Re  (u>|  +0B)ela,t, 


(2.34) 


into  equations  (2.32)  and  (2.33)  respectively.  If  this  is  done  and 
the  rule  of  equation  (2.27)  is  applied,  we  obtain  the  following 
results: 

4F^  = 4FKlB>+4FKBB>-k=1'2.  (2.35) 


where 


<aFM.H  - />«/.>  I -(3  S 

d^B  , J 

"a7  H)  ' cos9| 


IRe 


/ 2a 

/ d9  R 

Jo 


cos  6 i w 


j w ■ 


2 3^5  afL  j 

3x  dx  (z=o , 


(2.36) 


+ 2 v ^B  ‘ cosS{ 

- ^ IRe  J do  R cos  0 j ui  2v>gC’g  * 
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The  Moment.  In  the  following.  results  similar  t ■ those  ol 
equation  (2.35)  through  (2.30)  tor  the  force  will  be  derived 
for  the  yawing  moment.  The  moment  equation  in  vector  form 
is  derived  in  Appendix  A as  equation  ( A .*> >.  lo  obtain  the 
yawing  moment  we  simply  take  the  /-component  of  this  equa- 
tion from  equation  (A.O)  we  have,  using  the  cylindrical- 
polar  coordinates  in  equations  (2.bi  and  (2.7) 


N„,  -to  ■ //  I*  llAJil 
su 

*/>«  II'*  {-ft  8 

(i-t) 


r f".  / i , iioMi  sv) 

J[,  llH  K J«.d/  V K 30  3R  K in  / 


4- 


( J_  30  30  U con  ll  30  30 
' ( R 30  31  K 30  bR 


U sin  0 ( 30 


t-  0(0  ) 


„ l -1  .1  I ' . , , , >3^11  ii 

IRe  J dll  R | sill  0 vqs'n  +l  -qs 

)| 

, I 3-11  . . ' 3’  li  3y'B  1 1 

* -o,s"  lkjlu»  ~w  1 "F  irll  / 0 

Here  ^1  ^n^represenls  the  steady  loree  acting  on  the  ship  due 
to  interactions  between  the  incoming  wave  and  the  ship 
generated  waves.  <^l  k on  the  other  hand  represents  the 
steady  force  due  to  ship-generated  waves,  which  are  respectively 
described  by  the  diliracted-wavc  potential and  the  lorced- 
oscillulion  potential  Vyj  interacting  with  themselves  l,t  laet 
<Al  misrepresents  the  part  of  the  added  resistance  which  is 
associated  with  energy  dissipation  through  radiating  waves. 

lastly  we  would  like  to  remark  that  in  deriving  (2  35).  there  is 
one  more  part  of  ^Al  k^which  should  be  denoted  as^Alq.|S 
fhis  is  the  part  which  involves  terms  quadratic  in  and 
therefore  the  equation  for<Al  y||>has  the  same  form  as  that  ol 
<Al  imu>wilh  ^||  replaced  by  <P|.  However,  it  is  straight 
forward  lo  verify  that^Al  k||>vanishes  identically  I his  fact  can 
also  be  easily  understood  physically.  sincc^Al  |<||^i'v'prescnlx  steady 
force  on  the  ship  due  lo  undislorled  incoming  waves. 


where,  as  defined  in  equations  (A. 3)  and  (A.8)  respectively. 
is  the  moment  of  fluid  momentum  about  the  origin  of  the  trans- 
lating coordinate  system  Oxyz.  and  I is  associated  with  the  net 
fluv  of  fluid  across  the  control  surface  — ^ Here  again  the 
equation  I 2.41)1  is  accurate  only  up  to  the  second  order  in  the 
perturbation  potential  ® Note  that  equal  ion  (2.40)  represents 
the  yawing  moment  about  the  origin  of  the  Oxy/  relerencc  frame 
due  lo  pressure  integration  over  the  actual  wetted  surlace  ol  the 
ship  Since  the  Oxy/.  system  represents  only  the  mean  position 
of  the  ship  coordinate  system  (Vsy/.  the  moment  should  be 
corrected  lo  account  for  the  translation  of  the  ship  reference 
frame  from  the  mean  reference  frame,  il  we  are  interested  in  the 
steady  yawing  moment  about  the  ship  reference  Inline.  Such 
a correction  is  in  general  of  the  second  order  in  magnitude  and 
therefore  is  neglected  in  a lincari/ed  theory  ol  ship  motions. 

Next,  let  us  substitute  the  decomposition  ol  <t>  . namely, 
equations  (2  14)  and  (2  15).  into  the  expression  for  the  yawing 
moment,  equation  (2  40).  It  we  follow  similar  steps  to  those 
which  lead  to  the  final  expressions  for  the  steady  horizontal 
forces  such  as  equations  ( 2.301  and  (2.37).  we  may  obtain  the 
following  results  for  the  time-averaged  yawing  moment 


^aNii  iii^  1 ^N()  011^  • 41 1 

where 

<aN()3I^> 

„ fin  , „ , / /b-'B  d*'!*  37'B  3v'f\l 

-yIKl  /,  ,lw  R /» tlx  \ “aTT  + “5?3 — 5TT ^ f 

„ll  / 2ir  f . 3v  H 

IRe  J do  R cos  0 -gj- 

/dfi  3fB  3f[  dfjA 

- U cos  0 ^ aR  M w 8R  J 

, U sin  II  3^B  3v' I*  l 

R 30  30  ) /=0  . 
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^N03BB^  = 

4 * « />  {-  q #} 

'17  ,R'  I,'''1" R-"'"  Vr  - 


- U cos  9 


a-'B  3-'b 


We  shall  next  substitute  equation  (3.1)  in  place  <p ^ in  those 
equations  for  the  steady  forces,  namely,  equations  (3.36) 
through  (3.39).  To  describe  the  analysis  we  shall  dwell  on  the 
longitudinal  component  of  force.  <(AI  ])> . If  we  substitute 
equation  (3.1 ) into  equation  (3.37).  carry  out  the  /.-integration 


jnd  compute  all  the  necessary  derivatives  of  fn 
result  may  be  obtained: 


the  following 


<^FI  BB^>  = 


& A.  I’" 


dfl  |H  (ir+um  : X p ) | ' 


U sin  » dv~B  3ab\ 

R 39  39  / /-Q 


This  concludes  the  derivation  of  the  equations  for  force  and 
moment  in  terms  of  the  tar-field  potentials.  We  shall  next  de- 
velop methods  for  evaluating  these  far-field  potentials. 

III.  EXPRESSION  OF  THE  FORCE  EQUATIONS  IN  TERMS 
OF  THE  KOCHIN  FUNCTION 

Evaluation  of  the  steady  force  and  moment  as  given  by  equations 
(3.36)  through  (3.39)  and  equations  (3.43)  through  (3.43)  re- 
quires knowledge  of  the  ship-generated  potential  in  the  far 
field.  To  obtain  an  appropriate  far-field  expression  for  q>pj  we 
shall  first  apply  Green’s  formula  to  obtain  an  equation  for  epu 
at  a typical  point  in  the  fluid.  Such  a representation  in  general 
involves  a Green’s  function  suitable  for  the  problem  under  invest- 
igation and  the  boundary  values  of 

i lie  far-field  expression  of  (p^  may  be  obtained  by  making  use  of 
an  asymptotic  form  of  the  Green’s  function.  Newman  ( 1959) 
has  obtained  such  an  asymptotic  expression.  It  is  shown  in 
Appendix  B how  Newman’s  results  may  be  applied  to  obtain 
the  far-field  expression  for  ip (j 

As  given  by  equations  (B.I3)  through  ( B . 1 5 ) the  far-field  ex- 
pression of  the  ship-generated  potential  <p^  may  be  written  as: 

,B(R.0./.)~  X fBpm<K  °:yun,)cX'’Z. 


"(2'R) 


Xp  (um  ) sill2  9 
|(£)u  = U|11COS,U"^) 


it.  , . . iXp  R cos  (um-9)  + i-l  * i v- 

• H (»+u  .Xp)  e 3 4 


l(!  iX|x„e..s  ii  ♦ y ,,  sin  u|  JS(x  ( 


Xp  = — ; — 1 1 + 3t  cos  ii  ± s/I  + 4t  cos  u|  , 

3t*  cos-  u , . 

„ 3.4; 

P= 

In  equation  (3.4)  the  plus  and  minus  signs  are  for  p = I and 
p = 3.  respectively.  The  function  H defined  by  (3.3)  is  known 
as  the  Kocliin  function  which  plays  an  important  role  in  the 
computation  of  force  and  moment. 


Xp- (um ) ■ cos  um  sign  (sin  um  sin  0 ) 

I d9  I ry  . - 

di7  s/  !+4t  cos  u 

11  = 11  in 

+ | cross- ter  ills  in  p and  m | . 


where  the  cross  terms  represent  cross  multiplication  between 
terms  of  different  indices  in  p or  m.  It  can  be  shown  by  again 
applying  the  method  of  stationary  phase  that  the  cross  terms  are 
of  order  1 VTT  and  vanish  as  R— » . Further  discussion  in  this 
regard  may  be  found  in  Newman  (1959).  The  algebra  involved 
in  deducing  the  final  result  given  in  equation  (3.5)  is  somewhat 
lengthy  and  will  be  omitted  here.  However,  the  following  rela- 
tionships are  rather  crucial  in  making  the  reduction: 

■)  *> 

(i)  v - ( l+3t  cos  u)  Xp  + cos~-!-  a2  =o. 


(ii)  |Xp(u)  cos  (u-9)|  = Xp  sill  (u-9  ), 


(iii)  cos  ( u-9  ) = ( i si  I +4t  cos  u ) - 


(iv)  cos  (u-9)  + 3l  cos  9 -3  l~-cos  11  cos  0 


flic  first  equation  follows  from  the  free-surlace  condition  (3.33) 
and  the  remaining  equations  (ii)  through  (iv)  above  may  be 
established  by  making  use  of  equation  (i).  equation  (3.4).  and 
the  stationary-phase  relation,  equation  (B.lOl: 


_ f,  , Jl+4t  cos  ii  1 

- - tan  in-*-. . 

L sin  u cos  u J 


This  is  the  equation  which  determines  the  stationary-phase 
values.  um,  in  equations  (3.1)  and  (3.3).  and  also  is  an  equation 
which  relates  the  variable  u to  the  variable  9. 

A closer  inspection  of  equation  (3.5)  tells  us  that  it  has  a very 
inconvenient  form  for  further  computation  since  both  variables. 

9 and  u.  are  involved  and  the  values  of  um  cannot  be  known 
until  we  solve  equation  (3.7).  However,  in  light  of  equation 
(3.7).  we  can  make  a change  of  variables  and  can  convert  the 
integration  in  equation  (3.5)  into  one  with  respect  to  ti  rather 
than  9.  To  this  end.  let  us  denote  symbolically  the  relationship 
given  in  equation  (3.6)  as  9 = 9(u).  Then  the  9 integral  in  equa- 
tion 13.5)  may  be  written  symbolically  in  the  following  form: 


f2n  F(u,9)  _ fP  F | u .9 < u ) | Alo\ 


I Ff  u.0 (u) | sign 
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where  taji)  is  the  range  of  the  variable  u as  8 sanes  continuously 
between  0 and  2».  In  carrying  out  the  u-integration  in  (3  8). 
one  should  account  for  the  sign  of  the  derivative  (d8  dul. 

After  carrying  out  the  details  of  the  change  of  variable,  we  obtan 
an  expression  for^APigu^  as  follows: 


<^F|bb)>  = 

p I”/  IT  2 f ir-u„  / 3n  2~I  duAfluicosu 
2 Jn  2 Jv  + u^  I 1 +4t  cos  u 


p |>.U()  / 2ff I du  A j ( u ) cos  u 

I/1  s/  l+4t  cos  u 


(3  9) 


H ( TT  + ll.  A 7 ) 


By  making  use  of  the  relationship  (til  in  <3. hi  and  the  stationarv- 
phase  equation  (3  7l.  we  can  show  that 


= Ap(u|n  1 Sill  <um-8  1 - k„  Sill  (0-d  I . 


and 


duM, 

- cos) u,n -8  I 


(3.15) 


- k , cos(8-(3 1 


To  find  the  stationary -phase  points  of  8.  say  8^.  for  the  8- 
integration  in  equation  (3.1  I ),  we  want  to  chose  8^  such  that 


where  the  constant  u , appearing  in  the  limits  of  integration  is 
defined  by: 


(3.10) 


gp„,  (°k»=  0 ,V|r’» 

At  the  same  time  p,  u . and  8^  must  be  chosen  so  that  equation 
(3.7)  is  simultaneously  satisfied  After  a complete  census  of  all 
the  stationary-phase  points  which  satisfy  these  requirements,  the 
only  combination  which  gives  a contribution  to.  (3.1 1 1 is: 


Let  us  next  proceed  to  investigate  F , jB]>  as  given  by  equation 
(2.36)  If  we  substitute  equations  (2.17)  and  (3.1  I in  place  of 
C|  and  eB.  respectively,  perform  the  necessary  computation  of 
the  various  derivatives,  and  carry  out  the  /.-integration,  the  follow- 
ing result  is  obtained  from  equation  (2.36): 


^A,ll^  = 


um=ir+0  and  p=2,  (3.17) 

Ap  (um  i = *7  +0)  = ku  . (3.18) 

It  can  be  shown  tliai  for  all  other  possible  roots  of  equation 
(3.16).  the  expression  Spm  given  by  (3.12)  vanishes.  If  we  now 
apply  the  method  of  stationary  phase  with  values  of  the 
stationary-phase  points  from  (3.17)  and  (3.18).  the  following 
final  result  may  be  obtained: 

<CA,  lllt>  =1/2/ao  Acosd  I,.,  |H(d.k0)}  . (3.19) 

where  lm|ll(0.k(|l|  denotes  the  imaginary  part  of  the  Kocliin 
function  evaluated  at  u = 0.  and  X = k0.  according  to  equation 
(3.3) 


• S 

pm 

i K 

• e 

where 


..  , , . i ir/2  t i rr/4 

' H (ir+um . Ap)  ■ e 

|Ap  cos  I ii ,2| -8 )r  k„  cos  (O~0)| 


Spm  = - cos  |i  cos  (u;l|-0  ) - cos  um  eos  (0-0) 


liquations  (3.9)  and  (3.19)  are  the  linal  results  for  the  longitudi- 
nal component  of  the  steady  hydrodynamic  force  acting  on  the 
ship.  As  such,  it  represents  the  amount  of  additional  steady 
thrust  necessary  in  order  to  maintain  the  ship  moving  at  a con- 
stant mean-forward  speed.  The  added  resistance  is  defined  as  a 
quantity  opposite  to  this  additional  steady  thrust.  Hence,  the 
added  resistance  may  be  given  as: 


+ cos  8 cos  (unl  -0 ) - cos  8 
2 

+ -i-  (k„+Ap)  cos  um  cos0  cos8 


(3.12) 


+ kf>7  <k(+Ap)eosO. 

The  integrand  of  (3.1  I ) contains  the  large  parameter  R in  the 
complex  argument  of  the  exponential  function.  Therefore,  it 
may  be  evaluated  by  the  method  of  stationary  phase  as  given 
by  equation  (B.8).  Hence,  let  us  put 

gpln(8  ) = Ap  (Unl ) cos  (un,-0  ) + k„  cos  (0-0).  (3.13) 


4r>  =-  4'i> 

= ^R|i^  + ^rbb^ 

where 

^Rll^  = ' lll^ 

^RB^=  - ibb^ 


(3.20) 

(3.21) 

(3.22) 
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If  wc  proceed  further  and  employ  a similar  analysis  to  evaluate 
the  lateral-force  component,  equations  (2.3X)  and  (2.39),  the 
following  results  are  obtained 


p I r n'2  r rr-u,,  C tr  2 ] du  X J (u)  sin  U 

Xlr  l-/  "/-  J”-  Jn* ti„  J v/  |+4|  l1R  „ 


p [ ] f ->r  1 du  fihil  sin  u 

8"[./>  J ir+u„J  J 1+4,  „ 


<3.331 


[III  ir+u.  X , ) 


and 


= 1 : pu  A sin  d Im 


(3.241 


Thus,  the  formulas  for  the  longitudinal  and  lateral  force  compo- 
nents are  essentially  similar  and  only  differ  oy  cos  u or  cos  0 for 
the  longitudinal  component  and  sin  u or  sin  (J  lor  the  lateral 
component. 


Note  that  resemblance  between  this  set  of  formulas,  namely, 
equations  (3.9).  (3.19).  (3.33)  and  (3  24).  and  those  obtained 
by  Newman  ( 1967)  and  Maruo  ( I960)  lor  the  case  of  /ero  mean 
forward  speed  is  remarkable  In  particular,  the  expressions  for 
l\||j^> . k = 1,2.  are  essentially  identical  except  for  the  differ- 
ent forms  assumed  by  the  Kochin  function  for  (lie  case  with  or 
without  a mean  forward  speed.  As  seen  from  equation  (3.3). 

(he  forward  speed  effect  in  the  formulas  lor  <(A  can  appear 

only  through  and  its  normal  derivative  in  the  definition  of 
the  Kochin  function. 


Thus  far.  we  have  completed  the  derivation  of  general  formulas 
which  express  the  longitudinal  and  lateral  force  components  in 
terms  of  the  Kochin  function.  In  principle,  the  same  method 
of  derivation  should  apply  to  the  moment,  equations  (2.42)  and 
(2.43).  Unfortunately,  the  stationary-phase  analysis  of  the 
moment  equations  with  forward-speed  effects  is  far  more  involved 
than  that  of  the  force  equations,  and  thus  far.  we  have  not 
succeeded  in  producing  these  equations  in  a form  suitable  for 
evaluation. 

Our  next  task  is  to  investigate  how  the  Kochin  function  may  be 
evaluated.  It  is  appropriate  to  remark  here  that  one  advantage 
of  having  the  general  formulas  such  as  those  of  (3.9).  (3.19). 
(3.23)  and  (3.24)  is  that  there  are  a number  of  options  available 
for  evaluating  the  Kochin  function.  In  principle  one  may  choose 
from  these  available  options  one  specific  approximation  scheme 
that  appears  to  give  best  accuracy  for  a particular  application. 

For  our  purpose  here,  however,  we  shall  make  use  of  the  strip 
approximation  developed  in  the  linearized  ship-motion  theory  of 
Salvesen,  Tuck,  and  Faltinsen  1 1970). 


IV.  AN  APPROXIMATE  METHOD  FOR  EVALUATING  THE 
KOCHIN  FUNCTION 

The  Kochin  function,  equation  (3.3),  is  defined  by  an  integral 
over  the  mean  surface  of  the  ship  where  the  integrand  is  a linear 
function  of  the  velocity  potential,  *B.  on  the  surface  of  the  ship. 
Therefore,  if  we  linearly  decompose  as  follows: 

*B=  j?,“j 


where  I he  uj’n  jre  the  jmplit  title  responses  in  the  six  nunles  of 
motion  and  ^7  is  written  instead  ol  e^.  then  we  ljii  write 


lltu.Ap) 


1 1(  (u.Apt  + 1 1 - 1 u.A  p 1 


where 


Hjtu.Ap) 


,cAp|/m  cos  II  + 1 \ Mil  II  | 


r l. 


We  shall  now  approximate  the  potential  functions,  the  y-  v ami 
the  surface  integral  by  means  of  slender-body  theory  ami  the 
strip  method.  I he  most  significant  approximation  which  we  shall 
make  is  the  assumption  that  the  component  ol  the  normal  in  the 
longitudinal  direction  is  much  smaller  than  the  components  in  the 
transverse  plane,  n ( « n •* . iix.  Using  this  approximation  we  can 
now  rewrite  the  surface  integral  for  the  kochin  function  as 
follows: 

lij(u.Xp)-  dx  e'*Px  " ■ 


. t,Xp  |/  + iy  Mn  11 1 


,W 


i = l 7 . 


where  I.  is  (he  length  of  the  ship  and  C(x)  is  the  cross-section  of 
the  ship. 


For  j = 1 6.  we  can  simplify  equation  (4.1 1 by  making  use 

of  (lie  body  boundary  condition  to  reduce  (lie  lire!  term  within 
the  brackets.  By  employing  equation  (93)  from  Salvesen,  Tuck, 
and  Faltinsen  (1970),  equation  (STF.93).  we  can  replace  9 e 9n 
by  ioiiij  + Unij,  where  the  term  Urn,  gives  the  strip  approximation 
to  the  correction  for  forward  speed,  l or  a detailed  discussion  of 
the  boundary  value  problem  for  the  individual  yds.  see  Appendix 
A of  Salvesen.  l uck,  and  Faltinsen  (1970)  Making  (lie  above 
replacement  and  substituting  a gN  loi  3 an.  we  obtain: 


llj(u.Xp)  = 


(4.2) 

, -§_(  ,.Xp|/  + iv  sin  ii) 

3N  j 1 

I 6 . 


From  the  lad  that  n ( and  <p , are  higher  order  than  me  outer  n ^ x 
and  yx's  we  can  neglect  II,  (u.Xpl  with  regard  to  the  other  II,  V 
Finally,  we  may  substitute  Xptn^  + iitisin  u)  for  9 9N  and  write 
II, (u.  X I in  its  final  form: 


ll.(u.Xp)  = / dx  eiXPx  c,,s  " 

‘ ( 

• J dl  rtiuj  it: 
c(x)  J I 

. t,Xp(/4iy  sin  a ) 


+ Um,)-Xp  sf ,( n ,+in,  sin 


) <4.3 

T 
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•11.81 


I quation  (4.3)  is  ideally  suited  to  numerical  integration  because 
all  of  the  quantities  within  the  integrand  are  known  from  the 
solution  of  the  forced  oscillation  problems. 

In  order  to  determine  H7(u,Xp).  we  shall  employ  a generali/ation 
of  the  treatment  developed  in  Salvesen  ( 1973).  l irst  of  all.  it  is 
easy  to  show  by  means  of  (Ireen’s  theorem  that  the  first  term 
within  the  brackets  of  equation  (4.1 ) is  of  higher  order  due  to 
the  slenderness  of  the  ship.  If  we  denote  the  inner  integral  of 
the  remaining  term  as  17.  we  have: 


By  substituting  the  body  boundary  condition  lor  the  diffraction 
potential,  equation  (S'll  ,81))  into  equation  (4.‘>|.  \u*  find 


If  we  now  substitute  into  equation  (4.10)  and  substitute 
equation  (4.10)  back  into  the  equation  for  ll7  we  obtain 


1 


7 


dl  t f-j 


d (lXp(/+iy  sin  u) 
dN  C 


(4.4) 


"7 


(u.Xp)  - - 


'M'  K, 

too 


ilx  g'*lxP  “>s " * 


By  taking  the  normal  derivative  in  equation  (4.4).  and  by  em- 
ploying the  mean  value  theorem  on  the  left  and  right  half  con- 
tours of  the  integral  in  equation  (4.4).  we  can  simplify  l7  as 
follows: 


|?  =-xp  exl’7  jL.-|XPy*7>  sin  u_ 

• / dl  ip-,  In.+iiti  sin  u| 

- c(x ) ' •'  " 

+ ciXpy(7)  sin  u j liij+in.  sin  u|| 


(4.5) 


where  z is  the  mean  value  of  z,  and  C(x)  and  C(x)  are  the  left 
and  right  half  contours  respectively,  liquation  (4.5)  can  he  sim- 
plified if  we  add  and  subtract  the  integral  over  the  right  half 
contour.  ( <x).  from  the  first  term.  This  yields: 


l7  = -XpeXP~  lciXt’y,7> s‘"  11 

J 


dl  In^+in,  sin  u| 


c(  x ( 

+ sin  (X py(~)  sin  u) 


(4.0) 


•/■(*)*  dl^|n3 


+in.  sin  u 


By  taking  advantage  of  slenderness  we  can  argue  that  for  X = 

0<  I ),  the  sine  term  is  of  higher  order  than  the  first  term.  While 
for  Xp  large,  the  exponential  term  in  /causes  l7  to  vanish. 
Therefore,  we  can  simplify  equation  ‘4.6)  as  follows: 

l7  =-Xpcx'’7  L dl  v>7  I n ,+in,  sin  u|  . (4.7) 

If  we  again  take  advantage  of  the  body  boundary  conditions, 
equation  (STP.4I).  we  find  that  we  can  replace  the  normal 
components,  n,  and  n,.  by  their  respective  body  boundary 
conditions: 


Because  and  ^7  all  satisfy  Laplace’s  equation,  (he  linear- 

ized five-surface  condition,  and  the  radiation  condition,  we  may 
apply  (lie  two-dimensional  ( .men's  theorem  to  equation  (4.8) 
and  write 


exf 


7 f 

J c(x  I 


dl  Is': 


1 11 . sill  II  sill 


^ I pk,(|z+iy  Sin  II | 


finis,  we  have  obtained  an  expression  for  lly( u.X  ) in  terms  of 
the  known  potentials  resulting  front  the  solution  of  the  forced 
oscillation  problem. 


V.  CONCLUDING  REMARKS 

The  general  equation  for  the  second-order  steady  force  can  be 
expressed  as  a sum  of  two  components  one.  -ay  . 

which  is  due  to  the  interaction  between  incoming-wave  system 
and  ship-generated  waves:  the  other,  say  Lhh^>  " liicli  is 
strictly  due  to  the  interaction  of  the  ship  generated  waves  with 
themselves.  The  final  equation  representing  ^ A l_|  ^ has  the 
same  form  as  that  in  the  case  with  zero  forward  speed.  On  the 
other  hand.  <[A with  forward-speed  effects  has  a more 
complicated  form  but  it  can  be  identified  as  a generalization  of 
(lie  case  with  zero  forward  speed 

Since  the  final  equations  for  the  steady  force  are  expressed  in 
terms  of  the  Kochin  function,  computation  of  the  steady  force 
depends  on  computation  of  the  Kochin  function.  Since  the 
Kochin  function  involves  knowledge  of  tile  forced-oscillation 
and  diffracted -wave  potentials,  various  approximation  techniques 
developed  in  linearized  theory  of  ship  motion  may  be  utilized  to 
obtain  the  potential  functions.  Among  these  available  options 
we  have  chosen  to  experiment  with  the  strip  method  according 
to  Salvesen.  Tuck  and  Faltinsen  (1470).  Based  on  (his  method, 
final  formulas  suitable  for  numerical  evaluation  have  been 
obtained.  The  computational  work  is  currently  in  progress  and 
the  results  will  be  reported  in  a future  paper. 


ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  Suzanne  Reed  and  William  (i. 
Day  for  their  timely  assistance  with  the  preparation  of  this  manu- 
script. Thanks  are  also  due  to  ( holing  Mook  Lee  and  Nils 
Salvesen  for  their  helpful  technical  discussions,  f inally,  we  wish 
to  acknowledge  the  General  Hydromechanics  Research  Program 
and  the  High  Performance  Vehicle  Hydromechanics  Program  for 
their  financial  support  of  this  project. 


BIBLIOGRAPHY 

Cummins.  W.  L.  ( 1457).  The  force  and  moment  on  a hotly  in  a 
time-varying  potential  flow.  ./.  Ship  Kc\..  Vol.  1.  No.  I. 
7-18  & 54.' 


Gcrritsma.  J.:  Beukelman.  W (1477).  Analysis  of  the  resistance 
increase  in  waves  of  a fast  cargo  ship,  lul  l Sliiphljg. 
Progress.  Vol.  14,  No.  717. 


141 


!£FcAp7/c(*)dlSr  jct+i*2'i"  »| 


(4.4) 


© IMechE  1977 


III.  82 


llaskind.  M.  I).  ( ll)46).  I lie  hydrodynamic  theory  of  ship  oscilla- 
tions in  rolling  anil  pitching.  tKl  I’nkl  Mai.  Mekli..  Vol.  10. 
33-66  ( 10461.  Translated  in  .SVx  Xaral  Arcli.  Marine  Rngrs. 
Tech.  d Key  Hull  . No.  1-12.  3-43  (10531. 


Wehausen,  J.  V.:  Laitone.  I . V.  ( 1060).  Surface  waves. 

"Encyclopedia  of  Physics."  Vol.  0.  446-778.  Springer- 
Verlagc.  Berlin. 


Havelock.  I II.  (1042).  flic  drifting  force  on  a ship  among 
waves,  mi.  Magazine.  Ser.  7.  Vol.  33.  467-475. 

.loosen.  W.  P.  A.  ( 1066).  Added  resistance  of  ships  in  waves. 

6th  Sym.  Nav.  Ilydrodyn..  Washington.  D.C. 

Lee.  C . M.:  Newman.  .1.  N.  I 1071 1.  The  vertical  mean  force  and 
moment  of  submerged  bodies  under  waves.  J.  Ship  Res.. 
Vol.  15.  No.  3.  231-245. 

Maruo.  II.  1 1 057 ».  The  excess  resistance  of  a ship  in  rough  seas. 
lul  l.  Shiphhlg.  I’rogress.  Vol.  4.  No.  35. 

. (IOoO).  The  drift  of  a body  floating  on 
waves.  J Ship  Res..  Vol.  4.  No.  I.  I -10. 

( 10631.  Resistance  in  waves.  "Researches 
in  Seakeeping  Dualities  of  Ships  in  Japan."  ( hap.  5.  Soe. 
Nav.  Architects  lap.  6()th  Anniv.  Ser..  Vol.  X. 

Nakamura.  S.  (1076).  Added  resistance  and  propulsive  per- 
formance of  ships  in  waves.  Int'l.  Seminar  on  Wave 
Resistance,  lokyo.  Japan. 

Newman.  .1.  N.  I 1050).  I lie  damping  and  wave  resistance  of  a 
pitching  and  heaving  ship.  ./.  Ship  Res..  Vol.  3.  No.  2. 
l-io 

. (1067).  I he  drift  force  and  moment  on 
ships  in  waves.  ./.  Ship  Res  . Vol.  I I.  No.  I.  51-60. 

Ogilvie.  I . I .:  l uck.  I ().  ( 1060).  A rational  strip  theory  of 
ship  motions:  Part  I Dept,  of  Nav.  Arch,  and  Marine 
fug..  College  of  fug..  Univ.  Michigan.  Report  No.  013. 

Salvesen.  N.  (1074).  Second-order  steady-state  lorees  and 
moments  on  surface  ships  in  oblique  regular  waves.  Int'l. 
Symp.  on  the  Dynamics  of  Marine  Vehicles  and  Structures 
in  Waves.  Univ.  College.  London. 

Salvesen.  N.:  luck.  I . ().:  I allinsen.  ()  ( 1070).  Ship  motions 
and  sea  loads.  Trans.  Soe.  Naval  Arch.  Marine  l ugs..  Vol. 
78.  250-270:  discussion.  270-2X7. 

Scrrin.J.  (1050).  Mathematical  principals  of  classical  fluid 

mechanics.  "Encyclopedia  of  Physics."  Vol.  8 I.  125-263. 
Springer-Verlage.  Berlin. 

Si  bill . ().  .1.  ( 1071 ).  Measurement  and  calculation  of  ship  resist- 
ance in  waves.  College  of  l ug..  Univ.  California.  Berkeley. 
Report  No.  NA-71-2. 

Stoker.  .1.  J.  I |o.57).  Water  waves,  xxviii  + 567  pp.  Inter- 
science Publishers.  New  York. 

Slrom-lejsen.  J.:  Nell.  II.  Y.  IT:  Moran.  I).  I)  (1073).  Added 
resistance  in  waves.  I rails.  Soe.  Naval  Arch.  Marine  Ings.. 
Vol.  XI. 

limman.  R : Newman.  J N.  i 1062).  The  coupled  damping 
coefficients  of  a symmetric  ship.  ./  Ship  Res..  Vol.  5. 

No.  1-7 

Walanabe.  Y.  ( 1038).  Some  contribution  to  the  theory  of 
rolling.  Irans.  INA.  Vol.  80. 


APPENDIX  A - FORCE  AND  MOMENT  ON  THE  SHIP  FROM 
MOMENTUM  CONSIDERATIONS 

In  this  Appendix,  we  shall  derive  general  formulas  for  the  force 
and  moment  on  a ship  from  momentum  considerations  These 
formulas  are  developed  using  the  translating  coordinate  system 
Oxyz  as  a frame  of  reference.  As  defined  in  equation  (2.1),  the 
total  velocity  potential  and  total  fluid  velocity  relative  to  this 
reference  frame  are.  respectively : 

•l»  (x.y,z..t)  = - Ux  + 0 (x,y,/,t>  . 


q = V.|>  = - U e | + . 

With  reference  lo  this  coordinate  system.  Bernoulli’s  equation 
and  I ulcr's  equations  of  motion  may  be  written,  respectively, 
in  the  following  form: 

P-PaTM  kl"  -Xgz  + 'AU3  . (A 


-|f+  Id  -V)  q = Vp  -ge,  . 


In  making  use  of  these  equations,  we  shall  follow  the  usual 
practice  of  setting  the  atmospheric  pressure  to  zero,  i.c.. 


The  Moment.  Let  us  now  proceed  to  derive  the  moment  equa- 
tion. To  this  end.  we  shall  start  by  considering  the  moment  of 
fluid  momentum  contained  in  a fluid  volume  V which  is  bound- 
ed by  the  free  surface.  Sn.  the  actual  wetted  surface  of  the  ship. 
S|(.  a control  surface  (a  large  vertical  cylinder  of  radius 
R = yx-  + y-).  and  a circular  bottom  closing  at  a depth 
/ = -h.  We  shall  take  the  moment  with  respect  lo  0.  the  origin 
of  the  translating  coordinate  system  Oxyz. 

Let  P he  a point  in  the  fluid  volume  V fixed  with  reference  to 
the  Oxyz  frame.  Let  r = OP  = xej  + yes  + ze,  be  the  position 
vector  of  the  point  P.  Then  the  total  moment  of  fluid  momen- 
tum with  respect  to  0 is: 

K„  =nfff  X-qdV  (A. 3 1 

Ye  ~ 

where  the  fluid  volume  V is  now  dependent  upon  time.  If  we 
apply  a general  formula  known  as  the  transport  theorem  see,  for 
example.  Scrrin  ( ll)5‘)|  p.  132.  we  may  compute  dK()  dt  as 
follows: 

+ P f J Z - U.V,,  dS 
3Y, 

= p///i-J^dV  +p//  Jl~i|VndS. 


© IMechE  1977 


Ill  83 


where  3 V,.  - S„  + S,.  + 1 


K + is  the  total  boundary  surface 


of  V . and  V„  is  the  velocity  at  any  given  point  of  Vc  in  the 
direction  of  its  normal.  In  this  work,  the  normal  vector  to  9 Vc 
will  he  chosen  as  one  pointing  out  the  fluid  volume  Vc.  Hence, 
at  the  ship's  surface,  for  example,  the  normal  vector  points  into 
the  ship.  Note  that  in  this  equation.  9 9t  denotes  differentiation 
with  V fixed  and  therefore.  9r/9  t = 0 for  a lixed  point  in  the 
Oxy/  coordinate  system.  Next,  we  shall  make  use  ol  the  tollow- 
inu  vector  identities: 


(i)  //A  ~ VC-  d¥  = // C-  li-n|  dS  . 

¥ 9¥ 

(ii)  ffj  (u.-AKV  JB)  +i-  l(B-V)/\|  + £~a|  d¥ 


//A-' 


f j UX  dS  . 

3¥ 


(m)  IJI  £-|(V0-V)V«l  d¥  = 
¥ 


/A  -V0KV0  il>  dS  . 

9¥ 


where  C -.  A and  B are  differentiable  scalar  and  vector  functions 
defined  in  V . and  (iiil  follows  immediately  from  lii)  for  the 
irrotational  llow  of  an  incompressible  inviscid  fluid. 

If  we  now  make  a substitution  from  Killer’s  equation  for  9i^,3t 
and  make  use  of  vector  identity  (iii).  the  volume  integral  in 
equation  (A. 4)  may  be  recast  as: 

"///  Hsf  J¥  = - //pLC-JH  dS‘ 


-IL* 


q)(qn)  dS 


(A. 5) 


, d¥  . 


8VC 

Substituting  equation  (A. 5)  into  equation  (A. 4).  we  obtain: 


I’Ll- ill  dS 


// 

dt  sF/j:R+s:h 


Pll-iil  dS 


+ ,'JL  +v  tv  ,-£-^,|V"  llS 

sB+sK  + “K  + -h 


(A.b) 


■«  IIU 

V, 


■Jc.3  d¥ 


N()  = //  Plx-Jll  dS 

~ sll 

A 1/  M - 


“I**1' 

+ (x-V0)|Uii|  -Vd'Jil 
+ g/(X~X*j  dS 

+ 1>  fvf  )- U(x~je,  )|lin, -V0n,||  dS 


(A.7| 


-Pg// / X~x.t 


d¥ 


where  n,  = nje | + n,e2  + n^ej. 

In  obtaining  this  final  result,  we  have  made  use  of  the  fact  that 
| V0|  =0  and  ||^|  = 0 on  I(|  as  h— “.  and  also  that  n,  = 0 on 


Note  that  the  second  surface  integral  over  the  control  surface. 
j;K.  in  equation  (A. 7)  has  a special  meaning.  It  may  be  written 


T = U Jf  (x-c, 

-R 


1 1 Ip’iL'ill  lls  • 


(A.B) 


Since  pi[  »ndS  represents  the  rate  at  which  fluid  leaves  Vc  across 
a surface  element,  the  surface  integral  represents  the  moment  of 
the  total  rate  of  fluid  llow  ("flux")  across  the  control  surface 
Thus,  the  quantity  \_  as  defined  in  equation  (A.K)  is  strictly  a 
function  of  time  alone,  furthermore.  11  is  linear  in  the  velocity 
potential.  Therefore,  if  the  lluid  motion  is  periodic,  then  the  lime 
average  of  T is  zero.  Thus,  it  would  be  more  convenient  for  our 
present  application  to  recast  equation  (A. 7)  in  the  following  form. 


// 


N ,=  JJ  p|r-n|  dS 

sB 


//  hr-n.lii- 

v.s  ~ ~ dt 


UM+':|V^ 


I ~ ~l  31 

- (_r~V0)l-U"|  +V0n|  +g/(x-n_)J  dS 

-pg 


(A. 9) 


, III  „ 


dK  , 

'Xt  dV  + T(t)--^ 


where  we  have  made  use  of  the  fact  that  8VC  - SB  + S,.  + + 

2|  I quation  (A. 6)  may  be  simplified  further  by  observing  that 
V„  - i|  - n = 0 on  S»  and  Sj.-  due  to  the  kinematic  boundary 
condition,  p = 0 on  SF.  and  Vn  = 0 on  if  is  chosen  lo  he 
translating  with  the  Oxy/  coordinate  system.  In  addition,  if  we 
make  a substitution  from  Bernoulli's  equation  for  the  pressure  p. 
and  also  use  the  relation  q = -lie,  + V0.  the  following  final 
result  may  be  obtained: 


Note  that  the  function  0 appearing  in  equation  (A.O)  is  the  per- 
turbation potential.  Hence,  equation  (A.1))  is  now  in  a form 
suitable  for  further  decomposition  and  application. 

The  Force.  The  force  equation  is  obtained  in  a manner  analogous 
to  that  of  the  moment  except  that  (he  momentum  instead  of  the 
moment  of  momentum  is  used.  The  total  fluid  momentum  con- 
tained in  V is: 


<2  = Uhl 

Vc 


d V. 


(A. 10) 
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By  I'ollowing  a similar  analysis  to  that  of  the  moment  and  by 
making  use  of  the  following  vector  identities: 

///v  \z  dV  = II  0n  dS  , 

Y 9V- 

(ii)  yjf/{A(  V B>  + (B  ■ V t A { dV  = ff  MB  n)  dS  . 

(iii)  jjj/(q ' V)q  d Y = Jfi\l q ■ n ) dS  , 

V ""  - 3V 

the  following  final  formula  may  he  obtained: 

F = ^ jm  dS 


-V0  l-Un,  + V0m|  + g/n,  j dS 
-Pge_,  Iff  dY  +X-S?  • 


To  apply  Green's  formula,  let  V *°*  be  a fluid  region  bounded  by 
the  "mean”  ship  surface  S B() . the  undisturbed  free  surface 
a cylindrical  surface  I with  a large  radius  K = V x - + y 2 . and 
a "bottom"  disc  which  closes  IK(»)  at  a depth  / = -It.  Let 

x = (x.y ,z)  be  a point  Vc<°),  then  (ireen's  formula  yields  the 
following  representation  for  y;B: 

*B (i,  = i II  |G<£;V^7  JS,  <B.2> 

aY.  (>•)  ' 


where  = ( x() ,y0 ,/0 ) denotes  a point  on  3 V"  = SB()  + S.  ,ll) 
+ iiK(°)  + E|r  n is  the  unit  normal  point  out  of  the  fluid 
volume  V <*>)  (i.e..  pointing  into  the  ship  at  SB()).  and  (I 
is  the  (ireen's  function.  The  appropriate  (ireen’s  function  is  re- 
quired to  satisfy  all  the  conditions  on  YB  except  the  kinematic 
condition  at  the  ship's  surface.  As  such,  it  represents  the  veloc- 
ity potential  of  a pulsating  point  source  moving  under  a free 
surface  with  a constant  speed  U and  pulsating  with  frequency  w 

After  applying  all  the  boundary  conditions,  equation  (B.2) 
simplifies  to: 


Hi 


tlS( 


X=£l  U If  pq.n  dS  . 


As  in  the  discussion  of  the  moment,  the  surface  integral  over 
in  equation  (A.  12)  represents  the  total  flux  of  fluid  leaving  the 
control  volum  ■ Vc  across  the  eontrol  surface  I K . It  is  clear  from 
the  equation  that  f is  linear  in  the  velocity  potential.  Hence,  the 
time-averaged  value  of  f equals  /ero  if  the  lluiil  motion  is  periodic. 


APPENDIX  B - THE  FAR-FIELD  EXPRESSION  OF  THE 
SHIP-GENERATED  POTENTIAL 

In  this  appendix  we  shall  derive  an  asymptotic  expression  for 
valid  at  a large  distance  from  the  ship  As  v:B  is  supposed  to  yield 
the  diffracted  and  forced-oscillation  waves,  it  must  meet  the  radi- 
ation condition.  In  addition  it  must  also  satisfy  the  following 
conditions:  Laplace’s  equation,  the  linearized  tree-surface  con- 
dition for  a disturbance  sinusoidal  in  time  moving  with  constant 
forward  speed,  and  the  condition  of  boundedness  at  infinite  depth. 

('*  ,im  K 2 ("Ifif  "'"^li)  = 0.  R = s/x^  + y- 


It  should  be  noted  here  that  in  arriving  at  equation  (BJ).  a line 
integral  along  the  waterline  of  SB()  which  is  of  higher  order  has 
been  neglected. 

The  (ireen's  function  for  this  problem  has  been  constructed  by 
llaskind  ( ll)4b)  and  others.  The  specific  form  which  is  convenient 
for  our  present  application  may  be  found  in  Newman  ( IPS')).  By 
carrying  out  the  complex-contour  integrations  involved,  and  by 
repeated  application  of  the  method  of  stationary  phase  to  the 
double  integrals  of  this  (ireen's  function,  Newman  ( l‘)5lf)  ob- 
tained the  following  intermediate  result  valid  for  large 
K = V x-  + y’  : 


,,  . , fo  -nil  A | e 

(•  ~ i 2 / du 

Ar/S  / 


X,  |(/+/„)+i  X| 


I + 4 t cos  u 


-12  I'12 

In 


(,n*o  x,  cx'l(/t/",tiX| 

/ du ■■ 

vl  + 4 T COS  II 


L0' f As  c - + i x I 

s/l  + 4 r cos  „ +°V<) 


(ii)  A = 0 . /.  < 0 . 


(iii)  vs5B(x.y 


3x  v gx2  3z 


X = ( x - x(1 ) cos  u + ( y - y() ) sin  u 
= K cos  (u  - 0 ) - x()  cos  u - y()  sin  u 


'1,2  ' , s ~ 

2r~  cos-  ii 


I I + 2r  cos  ii  ± Yl  + 4r  cos  u| 


v = u * . ie  U 

g ' T S 


(iv)  lim  I vv>B  I =0 


Furthermore,  iB  is  required  to  satisfy  the  linearized  kinematic 
condition  on  the  ship’s  mean  surface,  SB()  which  is  also  known 
as  the  I imman-Newman  condition.  I Timman  and  Newman 
( I‘)(i2)| . The  explicit  expression  of  this  condition  will  be  speci- 
fied as  needed. 
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These  integrals  are  valiil  tor  0 < 0 S u.  If  the  value  of  0 lies  in 
uS^Siir.  then  the  ranges  of  integration  for  the  three  integrals 
must  he  modified  as  follows:  0 — 3jr/2  <u  Sir/2  for  the  first 
integral,  0 - ir/2  £ u S. ini 2 for  the  second  integral,  and  0 - 2ir/2 
£u  <0  - »/ 2 lor  the  third  integral.  The  printed  integrals  in 
equation  (B.4)  denote  that  the  interval  n - u()^  u<n  + u()  is  to 
be  excluded  in  carrying  out  the  integration. 

The  specific  formula  from  the  method  of  stationary  phase  which  is 
used  to  evaluate  these  integrals  is: 


/ f(u)elK-“(U,du=  Y,  ""n 

' / 111 


I 


iRjjfu,,, ) ± i- 


+ ° R 


where  u is  the  m—  root  of  the  equation  3g/3u  = 0,  and  the 
sign  of  9-/8  u2  determines  the  plus  or  minus  sign  in  the  exponent. 

Note  that  every  integral  in  equation  (B.4)  still  contains  the  large 
parameter  R in  the  complex  arguments  of  the  exponential 
functions.  By  applying  the  method  of  stationary  phase  once 
more  to  evaluate  the  integrals  in  equation  (B.4),  Newman 
(1959)  obtained  the  following  final  result  as  an  asymptotic 
form  of  the  Cireen’s  function: 


(i(R.  0 , /:  x„,  y(),  /.,) 


/ 8rr\  14  V' 

l R I ^ 

\ / p,m 


Xp  (u  ) sin-  0 


P,m  |sin2um  K^;)  cosfi.,,,-0) 


. tXp(,ini)lz+/o+'  R cos  (“m"®)-'  xo  cos  um-i  y()sin  um  | 

u , .1 
• o'Ti'T 

where  the  um’s  are  the  roots  of  the  equation: 


/ 1 + 4 T cos  II 


cot  0 - - tan  u ± 


In  applying  the  method  of  stationary  phase,  equation  (B.8).  to 
the  integrals  in  equation  (B.4)  to  obtain  the  result  in  equation 
(B.9),  the  following  relationships  are  used: 

gp(u,  0)  = Xp(u)  cos(u -0)  , p = 1 .2  . (Bill 

(d\\  MMum) 

\8ir/u=uln  c°s(um  - 0)\du/  u=um 

The  requirement  that  9g  /8u  = o and  i>  f 0 yields  equation 
(B  IO)  which  relates  0 to  u.  The  plus  or  minus  sign  after  (lie 
summation  sign.  1 . in  equation  (B.9)  is  determined  by  the  sign 
of  the  corresponding  terms  in  equation  (B.4)  while  (lie  plus  or 
minus  sign  in  the  exponent  of  equation  (B.9)  is  determined  by 
the  sign  ol  9-^/9  u2.  for  the  details  of  the  derivation  of  these 
results  concerning  the  asymptotic  form  of  the  (Ireen’s  function, 
one  should  consult  Newman  ( 1959). 

Let  us  now  substitute  equation  (B.9)  in  place  of  Ci  in  equation 
( B 3).  Then  may  be  written  in  the  following  form: 


*B<R.0.z)~£  'Bpm  (R.0;Xp.um)-eXpz  . (B.l 


Xp(um)  sin-  0 

■ 2 /d0  \ 

l,m  (di,)u=u  cos(,,.n-®> 


•HOr+u,.  Xp,  eiXpRc',S,",,,‘'’>f  ‘7**7 


The  function  H is  known  as  the  Kochin  function  and  is  defined 
by: 


<"»■  UJ 


. A | ,.X 

dll  *B  9n  1 


iX  | xu  cos  u + yG  sin  u | 


3<iu)  • 


Equation  (B.l 3)  is  the  far-tleld  expression  of  <P^  we  need  lor 
the  evaluation  of  the  force  and  moment  equations. 
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Discussion  on  Paper  by  J.  F.  Dalzell 


A.  Y.  ODABASI 

In  this  paper  the  author  takes  the  effect  of  non- 
linearity into  account  by  introducing  the  concepts 
of  bi-snectra  and  the  quadratic  frequency  response 
function.  When,  however,  it  is  considered  that  the 
functional  series  expansion  (l)  is  truncated  after 
the  second  term,  the  nonlinearity  should  be  slight, 
i.e.,  the  system  should  be  almost  linear,  in  order 
that  the  prodecure  explained  in  the  paper  should  be 
valid.  It  is  known  from  practice  that  for  slightly 
nonlinear  systems  the  method  of  statistical  linear- 
isation works  reasonably  well.  Therefore  it  is  hard 
to  understand  the  advantages  to  be  gained  by  empl- 
oying the  proposed  approach. 

If  the  system  is  strongly  nonlinear  then  the 
proposed  method  is  no  longer  valid  and  the  availa- 
ble methods  for  determining  the  probability  density 
function  of  phase  co-ordinates,  such  as  Kazakov's 
algorithm,  become  more  attractive. 


Author’s  Reply 


It  is  certainly  true  that  the  two-term  function- 
al polynomial  model  is  an  approximation  which 
should  apply  only  to  weakly  non-linear  systems. 

With  respect  to  added  resistance . the  experimental 
results  indicate  that  the  two-term  model  does 
apply.  This  has  been  shown  for  as  wide  a range  of 
sea  severity  as  has  been  employed  heretofore  in 
demonstrating  that  the  linear  model  applies  to 
pitch  and  heave. 

Furthermore,  the  most  important  practical  form- 
ula resulting  from  the  approximation  of  added  res- 
istance by  the  two-term  model  has  been  in  fairly 
successful  use  for  about  fifteen  years  (see  Eq.15 
of  the  paper) . For  these  reasons  it  is  hard  for 
the  author  to  understand  the  advantages  to  be  gai- 
ned in  not  using  the  model  for  added  resistance 
and  related  problems.  For  practical  purposes  all 
that  has  been  achieved  in  the  present  work  is  to 
indicate  that  the  model  may  serve  as  well  for  the 
prediction  of  low  frequency  fluctuations  in  res- 
istance - a subject  which  it  must  be  admitted  is  of 
more  immediate  concern  in  offshore  platform  prob- 
lems than  to  ordinary  ship  design. 

The  conceptual  advantages  of  the  model  are  that. 

(a)  any  reasonably  well  behaved  wave  input  (reg- 
ular, random,  transient)  may  be  accommodated; 

(b)  the  response  functions  required  are  not 
difficult  to  relate  to  the  results  of 
hydromechanic  analyses ; 

(c)  it  apnears  that  the  statistics  of  the  process 
may  be  approximated. 


It  is  the  author’s  understanding  of  statistical 
linearisation  that  it  is  necessary  first  to  have  a 
physical  (and  not  too  complicated)  differential 
evaluation  defining  the  system.  No  such  equation 
for  added  resistance  appears  in  the  paper,  and  the 
author  is  not  sure  if  one  exists.  It  is  also  the 
author's  understanding  that  the  process  of  stat- 
istical linearisation  must  be  carried  out  over 
again  for  each  excitation  spectrum  of  interest  un- 
less the  unrealistic  'white'  spectrum  is  assumed. 
Once  the  linear  and  quadratic  response  functions 
required  by  the  functional  model  are  known,  there 
are  no  restrictions  upon  the  excitation  spectrum 
shape,  and  no  necessity  to  re-optimise  the  solution. 


M7 
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Discussion  on  Paper  by  D.  K.  P.  Yue  et  al 


A.Y . ODABASI 

The  authors  offer  a valuable  method  for  the 
evaluation  of  wave  forces  for  three  dimensional 
bodies.  Their  comparison  with  the  Green's 
function  approach,  is,  however,  unjustified 
for  conventional  problems.  As  is  well  known, 
the  difficulty  in  evaluating  the  Green's  func- 
tion appears  when  the  distance  between  the 
source  point  and  the  control  point  is  small. 

In  such  cases  the  numerical  evaluation  of  the 
principal  value  integral  by  using  Monacella's 
singularity  removal  (ref. 10)  or  contour  inte- 
gration (ref.ll)  methods  may  become  quite  time 
consuming.  Recently  Mr  G.E.  Hearn  has  devised 
a tranformation  n hod  (ref. 12)  by  which  the 
computation,  is,  on  average,  twelve  times 
faster  than  the  other  two  methods.  Under  these 
circumstances  it  is  hard  to  believe  that  the 
method  in  this  paper  can  save  time  in  compari- 
son with  the  Green's  function  approach. 

To  make  the  above  statement  more  clear  let  us 
reconsider  the  formulation  and  the  method  of 
solution  in  the  paper.  The  convergence  of  the 
method  can  only  be  guaranteed  if  the  variation 
of  the  functional  J(  <(>  ,<p ' ) defined  by  equation 
(9)  is  zero.  Hence  when  the  solution  is  found 
by  the  method  described  in  the  paper  it  should 
be  substituted  into  thg  variational  equation  and 
the  value  ot  the  first  variation  found  should  be 
arbitrarily  small.  To  achieve  convergence  in 
the  first  trial  is  improbable  and  could  only 
result  from  a lucky  guess.  Hence,  after  the 
first  trial  either  the  number  of  coefficients 
have  to  be  increased  or  the  coefficients  have  to 
be  varied,  possibly  by  means  of  a gradient 
method  to  satisfy  the  variational  equation. 

This,  in  turn,  involves  an  iteration  process  and 
therefore  increases  the  computation  time. 
Furthermore,  if  the  expression  (7)  is  assumed  to 
be  an  eigenfunction  expansion  it  would  tend  to 
the  Green's  function  (Ref. 13)  when  n and  m tend 
to  infinity. 

This  method  may  have  successful  application  for 
unconventional  problems,  such  as  wave  forces  in 
shallow  water  with  a discontinuous  bottom  for 
which  it  is  very  difficult  to  derive  the  Green's 
function. 
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R.W.  YEUNG 

I would  like  to  commend  the  authors  for  a very 
fine  paper  which  treats  the  water-wave  scattering 
problem  in  three  dimensions  using  a rational 
approach  of  handling  the  radiation  condition. 
Having  actually  gone  through  the  process  of 
solving  the  related  foi  ’ed-motion  . roblem  for  a 
body  with  two  planes  of  symmetry  a few  years 
back,  I am  quite  appreciative  of  the  numerical 
difficulties  that  the  authors  must  have  overcome 
in  work  involving  three  dimensions  before  fruit- 
ion is  possible. 

There  are  a couple  of  points  that  I would  like  to 
discuss.  The  first  is  that  the  present  treat- 
ment of  the  eigen-function  expansion  associated 
with  the  local  disturbance  terms  may  lead  to  a 
singular  matrix.  To  see  that,  we  need  to  refer 
to  Eqn.(27).  The  coupling  submatrix  [Kc]  repre- 
sents the  influences  on  <j>  due  to  each  of  the 
eigenfunctions  K^fkj^r).  The  diagonal  submatrix 
[Kp]  is  also  associated  with  Kn(kmr ) ,n=m.  Each 
combination  of  n and  m therefore  would  corres- 
pond to  one  row  of  [Kc"j'T’tl  [Kp]  or  a column  of 
[Kc1u[KD].  Each  element  of  these  submatrices  is 
thus  multiplied  by  ^(k^g).  Now,  consider  a 
given  n:  as  we  proceed  to  the  higher  eigenvalues 
i.e.  as  we  increase  m,  the  values  of  each  suc- 
ceeding row  become  exponentially  smaller  and 
smaller,  compared  with  the  rest  of  the  bulk  of 
the  stiffness  matrix.  For  a finite  precision 
machine,  this  would  imply  that  we  will  have  one, 
or  even  more  thar.  one , row  or  column  of  ' zeros ' . 
Hence  the  present  treatment  would  lead  to  a more 
and  more  singular  matrix  as  one  includes  more 
and  more  eigenfunctions.  Of  course,  in  practice, 
one  will  not  get  a zero  determinant  after  the 
reduction  process  because  of  round-off  errors. 

But  clearly  the  system  will  be  more  and  more 
unstable.  I pointed  out  in  my  Gaithersburg 
paper  (Yeung,  1975)  that  one  simple  way  of  over- 


coming  this  is  to  absorb  the  K^k^rg)  factor  in 
the  unknown  coefficients  of  the  eigenexpansion 
anm-  This  is  entirely  legitimate  if  one  recalls 
the  fact  that  when  one  specifies  the  vertical 
behavior  of  a harmonic  function,  the  horizontal 
behavior  is  specified  implicitly  simultaneously. 
These  functions  are  all  harmonic  in  the  fluid 
domain.  The  suggestion  given  here  has  provided 
a numerically  more  stable  matrix  for  the  hybrid- 
integral  equation  technique  I investigated,  and 
should  be  adaptable  in  the  present  formulation. 
It  is  worthwhile  to  note  that  the  problem  would 
occur  only  if  one  has  mor^  than  a few  eigen- 
functions in  the  expansion. 

The  second  point  concerns  the  extension  of  the 
present  method  to  infinitely  deep  water,  which 
has  traditionally  been  the  easier  problem  for 
an  analytic  approach  when  compared  with  finite 
depth,  though  quite  the  contrary  for  a numerical 
approach.  For  shorter  waves,  one  might  argue 
that  one  can  choose  a depth  such  that  the  waves 
and  the  body  do  not  feel  the  bottom.  But  for 
low-frequency  waves , the  bottom  effects  can 
only  be  eliminated  if  one  uses  a very  large 
depth,  which  would  lead  to  an  unacceptably  large 
number  of  elements.  This  is  of  course  a problem 
that  all  methods  such  as  finite-element , or 
finite-difference,  which  require  the  direct 
solution  of  the  field  equation,  must  be  faced 
with.  In  the  present  case,  perhaps  the  intro- 
duction of  some  sort  of  super-element  below  a 
finite  number  of  dense  layers  of  elements  may  do 
the  job.  However,  it  is  not  clear  what  type  of 
interpolation  function  would  be  suitable  for 
such  a purpose.  Note  that  any  truncation  of  the 
fluid  domain  by  a large  sphere  of  radius  R 
without  accounting  for  contributions  outside  of 
the  sphere  will  incur  an  error  of  0(i)  in  the 
functional. 


Authors  ’ Reply 


A.Y.  ODABASI 

Our  comments  on  the  merits  of  the  Green's 
function  method  are  based  on  experiences  which 
have  been  described  in  published  literature. 

We  have  not  seen  the  unpublished  work  of 
G.E.  Hearn.  It  is  worth  reminding  that  the 
choice  of  a numerical  method  depends  not  only  on 
computation  time,  but  also  on  many  other  factors 
such  as  simplicity  of  theory,  human  effort  in 
preparation  of  computer  program,  ease  of  adapta- 
tion to  more  complex  geometries  etc.  The 
importance  of  each  factor  varies  with  the 
problem  and  with  the  investigator.  Judging 
by  information  available  to  us,  we  feel  that  the 
more  complicated  the  geometry,  the  more 
advantageous  the  present  method  or  its  modifi- 
cations . 

Dr.  Odabasi  appears  to  have  missed  a fundamental 
point.  Equations  (25)  and  (26)  are  obtained 
by  requiring  that 


3J  = {0}  and  3J  = {0} 

34)  3{p) 

which  is  equivalent  to  the  vanishing  of  the 
first  variation:  <$J  = 0,  hence  the  substitu- 

tion he  proposes  is  redundant.  Also,  our  method 
is  a direct  one  and  not  an  iterative  one.  The 
accuracy  improves  if  more  and  more  unknowns  are 
allowed;  the  idea  is  similar  to  approximating 
an  infinite  series  by  a truncated  series. 

Lastly,  our  Eq(7)  is  everywhere  regular  in  V' 
and  does  not  approach  a singular  Green's  func- 
tion. The  last  remark  of  Dr.  Odabasi's  second 
paragraph  is  incorrect. 


R.W.  YEUNG 

Prof.  Yeung  has  made  a valid  observation  that 
Kn(Kmr)  decays  exponentially  as  m (hence  <m) 
increases.  In  fact  Kn  also  grows  exponen- 
tially with  the  order  n.  In  our  numerical  work 
we  normalized  all  the  Bessel  functions  by  their 
asymptotic  formulas  for  both  large  order  and 
argument  so  that  the  entries  in  the  coefficient 
matrix  are  all  of  order  unity  in  magnitude. 

This  type  of  care  is  quite  common  in  any 
numerical  work  when  one  must  deal  with  very 
large  or  very  small  numbers. 

For  infinite  water  depth,  the  simplest  thing 
to  do  in  the  finite  element  region  is  to  use 
increasingly  large  elements  at  great  depths 
without  introducing  new  interpolation  functions. 
This  flexibility  is  not  easily  available  for  a 
numerical  scheme  such  as  the  finite  difference 
method. 
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Discussion  on  Paper  by  Wen-Chin  Lin  et  al 


N.  SALVESEN 


I would  like  to  congratulate  the  authors  on 
their  fine  contribution  to  this  difficult 
problem.  They  have  presented,  to  my  knowledge 
the  most  complete  derivation  of  the  mean 
second-order  force  and  moment  on  a ship  advan- 
cing in  oblique  waves.  For  the  prediction  of 
the  mean  force  component  in  the  longitudinal 
direction  of  the  ship,  there  exist  several  other 
more  approximate  theories  which  agree  reason- 
ably well  with  experiments.  However,  for  the 
mean  moment  and  the  side  force  component,  there 
exists  no  theory  which  has  any  reasonable  agree- 
ment with  experiments  for  the  case  with  forward 
speed.  It  is  unfortunate  that  the  theoretical 
results  given  in  this  paper  are  very  difficult 
to  compute  numerically  and  particularly,  it  is 
going  to  be  a hard  task  to  compute  the  term 
<Fibb>  in  equation  (3.9). 

The  main  difference  between  the  present  theory 
and  the  theory  I presented  here  in  London  two 
years  ago  (Salvesen,  197M  is  that  I assumed 
that  the  body  potential,  i|ig,  is  much  smaller 
than  the  incident  wave  potential,  ijn.  The 
second-order  mean  force  may  be  written  as 


Again,  I would  like  to  congratulate  the  authors 
for  their  fine  contribution  and  I am  looking 
forward  to  seeing  numerical  results,  in 
particular  for  the  moments  for  which  all  other 
theories  seem  to  give  unreasonable  results. 


F = 


F + F 
flB  BB 


where  F,B  is  the  mean  force  due  to  the  inter- 
action between  and  and  Fgg  is  due  to  ifig 
interacting  with  itself.  In  my  work,  as  a 
consequence  of  the  assumption  that  ^ b< < i , the 
term  Fgg  was  ignored,  whereas  in  the  present 
paper,  expressions  have  been  derived  for  both 
of  the  force  components.  Recent  unpublished 
work  has  shown  that,  at  least  for  the  added 
resistance,  there  is  good  agreement  between 
experiments  and  theory  when  Fgg  is  ignored  as 
seen  in  Figure  2.  However,  it  will  be 
interesting  to  see  numerical  results  for  Fgg 
so  one  can  better  establish  the  importance  of 
this  term. 

I would  like  to  point  out  that  the  result 
given  for  F^g  in  this  paper 


IB 


?PoAcosBIm{H($  ,ko) } 


Fig.  2:  - Comparison  of  Experimental  and  Theoretical  Added  Resistance 
foe  Series  60  Hull  with  C*  ■ 0.70  at  F_  ■ 0.200. 
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EXPERIMENTS 


is  identical  to  equation  (37)  in  my  197^  paper. 
Here  H(0»ko)  is  the  Kochin  function  which  can 
easily  be  evaluated  numerically  if  it  is 
expressed  within  the  concept  of  ship  theory 
as  shown  in  this  paper  and  also  shown  in  my 
1971*  paper.  Unfortunately,  the  Kochin  function 
in  the  form  it  appears  in  the  force  term 

(see  equation  (3.9))  cannot  be  expressed 
within  strip  theory  in  the  same  way  as  is 
possible  for  the  interaction  term  F^g. 
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Authors’ Reply 


We  have  one  remark  which  we  would  like  to  make  in 
response  to  Dr.  Salvesen's  discussion. 

Newman  (1970)  has  analysed  the  second  order  verti- 
cal force  on  a submerged  body  in  incident  waves. 

In  his  analysis  Newman  neglected  the  body  potential 
Up)  relative  to  the  incident  wave  potential  U j ) . 
He  justified  this  assumption  by  claiming  that  his 
body  was  a weak  scatterer  due  to  its  deep  sub- 
mergence. 

Salvesen  (1971*)  has  performed  an  analysis,  similar 
to  that  of  Newman,  for  the  added  resistance  of  a 
ship  in  a seaway  at  arbitrary  heading.  Because  of 
the  slender-body  approximation  which  he  has  used  to 
represent  the  ship,  Salvesen  has  also  assumed  that 
his  ship  is  a weak  scatterer,  and  neglected  <J>B  in 
relation  to  ♦j.  In  head  seas,  this  is  probably  a 
reasonable  assumption,  and  indeed  Salvesen's  cal- 
culations seem  to  bear  this  out.  However,  in  quar- 
tering and  beam  seas  the  weak  scatterer  assumption 
cannot  be  justified.  Witness  that  the  comp- 

onent of  added  resistance,  due  to  goes  to  zero 
as  the  ship's  heading  approaches  tt/2.  It  is  at 
this  point  that  it  is  obviously  necessary  to  include 
<t>g  in  the  analysis.  This  leads  to  fjBB  the  other 
component  of  the  added  resistance.  While  we  do 
not  have  any  calculations  to  show  the  relative 
contributions  of  and  F-j_gg  to  the  added  resis- 
tance as  a function  of  ship  heading;  Salvesen's 
theory  for  added  resistance  should  be  used  with 
great  caution  for  headings  away  from  head  seas. 
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SOME  ASPECTS  OF  SIDEHULL  HYDRODYNAMICS  AND 
MANEUVERING  IN  THE  DESIGN  OF  SURFACE  EFFECT  SHIPS 

R.  B.  WADE  and  S.  WANG 

Tetra  Tech.  Inc.,  Pasadena.  California,  USA 


Free  surface  water  tunnel  measurements  of  the  forces  and  moments  on  a typical  surface  effect  ship  side- 
hull  are  presented.  These  data  are  used  to  validate  the  use  of  simple  classical  slender  body  theory  for 
the  prediction  of  sidehull  hydrodynamic  characteristics.  Generally  correlation  of  the  data  with  the  theory 
is  very  good.  Under  certain  conditions  sidehull  ventilation  occurs  and  its  significance  on  performance  is 
discussed.  Inclusion  of  this  type  of  sidehull  representation  in  a four  degree  of  freedom  simulation  pro- 
gram for  the  prediction  of  the  turning  characteristics  of  a surface  effect  ship  leads  to  excellent  results. 
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F rictional  coefficient 

Axial  and  lateral  force  coefficients 

(=  Force/ipU2!2) 

Yaw  and  roll  mornent  coefficients 
(=  Moment/^pU2!3) 

Characteristic  length  for  spray 
Momentum  drag 
Sidehull  immersion 
F roude  No. 

Distance  of  center  of  fluid  pressure  on 
sidehull  from  craft  C.G. 

Integrated  average  of  f(5) 

Acceleration  of  gravity 
Moment  of  inertia  about  x-axis 
Moment  of  inertia  about  z-axis 
Index  subscript  for  nozzles 
Roll  moment 

Lateral  added  mass  coefficient 

Craft  length 

Mass 

Axial  added  mass  of  craft 
Yaw  moment 
Unit  normal  components 
Pump  rpm 

Angular  velocity  about  x-axis,  roll  rate 
Dynamic  pressure  (=£pU2) 

Angular  velocity  about  z-axis,  yaw  rate 
Projected  area 
Kinetic  energy 
Gross  thrust 

Time  or  maximum  thickness  of  sidehull 
Craft  forward  speed 
Velocity  component  along  x-axis 
Relative  velocity  in  a cross  flow  plane 
Velocity  component  along  y-axis 
Force  components  along  the  body  coor- 
dinates 

Coordinate  system  fixed  in  the  body 
Initial  coordinate  system 
Trajectory  coordinates  of  craft  C.G. 
in  fixed  reference  frame 
Nozzle  tilt  angle  of  waterjet 
Index  denotes  steering  and  control,  or 
nozzle  deflection  angle  of  waterjet 
waterline  mean  thickness 
trim  angle 

Section  added  mass  in  sway 

Cross  coupling  of  added  mass  between 

sway  and  heave 

Station  index  along  the  body  x-axis 


p Density  of  fluid 

I Velocity  potential 

0 Roll  angle 

jr  Yaw  angle 

1.  INTRODUCTION 

With  the  advent  of  the  development  of  high  perfor- 
mance ocean  going  craft  a great  deal  of  interest 
has  centered  on  the  Surface  Effect  Ship  (SES). 

This  craft,  as  distinct  from  its  close  relative,  the 
air  cushion  vehicle  relies  partially  on  sidehulls  to 
contain  the  air  cushion  on  which  it  operates.  This 
feature  of  the  vehicle  makes  it  non  amphibious  in 
nature  but  provides  a measure  of  desirability  and 
ruggedness  in  an  open  sea  environment  and  cer- 
tainly affords  the  means  of  considering  the  design 
of  large  size  vehicles  while  keeping  the  flexible 
seal  design  tractable. 

Over  the  last  decade  considerable  attention  has 
been  given  to  this  type  of  craft  by  the  United  States 
Navy.  This  involvement  has  seen  the  development 
of  several  craft  among  which  are  the  XR-1,  XR-3 
and  two  100  ton  vehicles,  which  are  currently  un- 
dergoing test  and  evaluation  operations.  As  the 
next  generation  of  such  craft  the  Navy  is  presently 
conducting  a preliminary  design  competition  for  a 
2000  ton  vehicle.  Attendant  with  this  effort  has 
arisen  the  need  to  develop  a comprehensive  tech- 
nology to  aid  in  the  prediction  of  craft  performance, 
stability,  maneuvering  and  control.  These  invest- 
igations have  naturally  involved  many  interesting 
hydrodynamic  problems  covering  such  topics  as 
the  development  of  techniques  for  the  performance 
prediction  of  flexible  bow  and  stern  seals,  appen- 
dages, waterjet  inlets,  supercavitating  propellers 
and  sidehulls.  The  unique  characteristics  of  these 
craft  in  operating  at  the  water  interface  with  rela- 
tively shallow  immersions  over  a very  wide  speed 
range  and  sea  state  environment  imposes  a very 
challenging  and  sometimes  overwhelming  task  to 
the  designer.  Not  only  is  he  confronted  with  the 
normal  problems  of  ship- sea- state  interaction  and 
its  control  but  he  is  faced  with  the  added  complex- 
ities of  high  speed  operation  such  as  cavitation, 
ventilation  and,  uniquely  to  this  vehicle,  air  leak- 
age and  broaching  phenomena. 

In  the  present  paper  we  address  ourselves  to  only 


355 


© IMecht  IV77 


IV  4 


one  facet  of  the  hydrodynamics  of  SES  design  - that 
of  the  prediction  of  sidehull  performance  and  its 
subsequent  use  in  the  prediction  of  maneuvering. 
The  paper  presents  the  results  of  an  experimental 
investigation  conducted  in  a free  surface  water 
tunnel  aimed  at  measuring  the  forces  and  moments 
on  a typical  SES  sidehull.  These  experiments, 
conducted  some  time  ago,  were  motivated  by  the 
need  to  generate  much  needed  data  on  sidehulls  of 
this  type  in  order  to  validate  the  analytic  methods 
being  used  to  predict  sidehull  performance.  These 
methods,  based  on  classical  slender  body  theory, 
were  adopted  for  use  in  the  present  problem  by 
considering  the  water  surface  as  an  undisturbed 
constant  pressure  boundary  and  considering  the 
body  as  bounded  by  the  hull  lines  below  the  free 
surface  and  the  free  surface  itself.  The  basic  re- 
quirements for  the  slender  body  approximation  are 
well  met  in  this  problem  as  the  sidehulls  are  typi- 
cally long  and  slender  shapes.  This  approach  was 
initially  formulated  for  the  present  application  in 
Reference  (1).  Whereas,  the  premise  for  applying 
this  method  to  the  present  problem  is  intuitively 
obvious  the  validity  of  the  assumptions  made  espe- 
cially in  regard  to  the  free  surface  requires  justi- 
fication. Additionally,  it  is  necessary  to  deter- 
mine whether  the  appropriate  values  of  added  mass 
coefficient  are  being  applied.  Since  the  sidehulls 
are  typically  operated  at  shallow  immersions  com- 
pared to  their  lengths,  non  linear  contributions  to 
the  forces  and  moments  are  accounted  for  by  the 
use  of  the  cross  flow  drag  concept.  Here  again  the 
appropriateness  of  this  concept  in  the  present  ap- 
plication and  the  value  of  the  cross  flow  drag  coef- 
ficients used  require  validation. 

Another  feature  of  sidehull  operation  addressed  in 
the  present  paper  is  that  of  drag.  At  the  typical 
operational  speeds  of  these  craft  in  the  40  to  80 
knot  range  a substantial  amount  of  spray  drag  can 
be  generated.  Assessing  the  significance  of  this 
drag  component  in  relation  to  the  total  drag  of  the 
sidehull  is  of  importance.  An  attempt  to  ascertain 
and  measure  this  effect  is  discussed. 

It  is  not  the  intent  of  the  paper  to  present  a devel- 
opment of  the  slender  body  analysis  as  applied  to 
the  SES.  This  has  been  treated  in  some  detail  in 
References  (1),  (2)  and  (3).  Rather  a brief  synop- 
sis of  the  basic  theory  is  presented  for  complete- 
ness and  certain  interesting  modifications  incor- 
porated into  the  analysis,  in  order  to  enhance  cor- 
relation with  experiment,  are  discussed. 

As  most  of  the  testing  in  this  area  has  been  done 
on  complete  SES  models  wherein  the  interaction  of 
other  influences  such  as  seals  and  the  cushion 
pressure  has  rendered  the  interpretation  of  the 
sidehull  data  very  difficult,  it  was  considered  im- 
perative to  conduct  these  tests  on  a single  sidehull 
in  a free  surface  water  tunnel  under  controlled 
conditions,  devoid  of  any  influences  from  attendant 
seals,  appendages  and  cushion  effects.  In  this 
manner  the  forces  and  moments  on  the  sidehull 
could  be  isolated  and  accurately  measured.  Fur- 
thermore observation  of  the  flow  past  the  sidehull 
under  various  orientations  could  be  examined  and 
photographed,  thus  allowing  a qualitative  assess- 
ment of  the  flow  to  be  made. 

Although  all  components  of  force  and  moment  were 
measured  during  the  tests  only  the  lateral  plane 
forces  and  moments  and  the  drag  will  be  discussed 
as  it  is  these  components  which  primarily  govern 
the  maneuvering  characteristics. 


The  paper  is  organized  in  basically  two  parts.  The 
first  part  deals  with  a description  of  the  sidehull 
test  program  and  modifications  made  to  the  basic 
slender  body  theory.  Comparisons  of  lateral  plane 
forces  and  moments  obtained  from  this  modified 
theory  to  the  experimental  results  are  then  presen- 
ted. As  assessment  of  the  spray  drag  generated 
by  the  sidewall  is  also  made.  Qualitative  aspects 
of  the  flow  are  then  discussed  supported  by  photo- 
graphic coverage.  On  the  basis  of  the  generally 
excellent  results  obtained  the  use  of  this  analytical 
representation  in  a four  degree  of  freedom  maneu- 
vering program  is  discussed  in  the  second  part  of 
the  paper.  Justification  for  the  use  of  this  simpli- 
fied maneuvering  representation  is  given  and  its 
use  in  the  prediction  of  the  maneuvering  of  the  XR- 
1C  craft  is  presented.  As  will  be  seen,  here  again 
excellent  correlation  is  achieved. 

It  should  be  emphasized  at  this  point  that  the  over- 
all objective  here,  is  to  present  the  development  of 
a simple  but  versatile  design  tool  for  the  prediction 
of  the  maneuvering  of  a SES.  As  distinct  from  a 
complete  six  degree  of  freedom  representation, 
this  analytical  tool  can  be  used  inexpensively  to 
conduct  parametric  studies  of  a SES,  using  a vari- 
ety of  turning  schemes  or  devices,  in  order  to  as- 
sess the  relative  merits  of  each  system.  It  is  not 
intended  to  imply  that  a complete  dynamical  repre- 
sentation of  the  craft  is  unnecessary  simply  that 
this  approach  affords  a cost  effect  means  of  per- 
forming screening  of  conceptual  designs  prior  to  a 
final  evaluation  using  the  six  degree  of  freedom 
simulation. 

2.  EXPERIMENTAL  PROGRAMS 

Model  Description:  The  model  of  the  sidehull  was 
manufactured  from  aluminium  in  three  sections. 

The  forward  section  representing  approximately 
the  forward  third  of  the  model  could  be  inter- 
changed with  alternate  bow  shapes.  The  center 
section  was  of  constant  deadrise  and  the  aft  section 
included  a blister  or  fairing  represer  tmg  a typical 
shape  for  housing  a waterjet  inlet.  The  model  was 
hard  anodized  and  lightened  by  using  hollowed  sec- 
tions. Ballast  weights  were  used  in  order  to  locate 
the  center  of  gravity  of  the  model  in  a desired  lo- 
cation so  as  not  to  over  range  the  force  balance. 
Horizontal  gradation  lines,  0,0254  m apart,  were 
painted  on  the  hull  to  help  in  the  interpretation  of 
water  contours  obtained  from  photographs.  The 
model  was  1 . 34  m in  overall  length  with  a keel 
length  of  1.2  m.  Typical  section  lines  of  the  model 
are  shown  in  Figure  1 . In  this  figure  station  1 re- 
presents the  transom  and  station  16  is  located  at 
the  intersection  of  the  keel  line  with  the  stem. 
Stations  aft  of  station  16  are  0.079  m apart  and  in 
front  of  it  are  0.015  m apart.  As  will  be  seen  a 
ramped  shaped  fairing  commences  at  approximate- 
ly station  8 which  gradually  widens  and  drops  be- 
low the  keel  line  to  a depth  of  0.019  m.  The  fair- 
ing is  provided  with  rounded  corners  to  reduce  the 
possibilities  of  cavitation  and  flow  separation  at 
high  speeds  under  sideslip  conditions.  The  model 
was  mounted  to  a six  component  task  force  balance 
through  a rigid  mounting  fixture. 

Facility  Description:  The  tests  were  conducted  in 
the  Free  Surface  Water  Tunnel  (FSWT)  at  the  Cali- 
fornia Institute  of  Technology.  This  facility  has  a 
working  section  2.43  m long  by  0.51  m wide  with  a 
water  depth  of  0.  51  m.  The  maximum  tunnel  speed 
attainable  is  7.32  m/s.  Since  the  critical  speed  of 
the  tunnel  is  approximately  2.28  m/s  all  tests  were 
conducted  well  above  this  speed.  This  necessity  is 
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dictated  by  the  fact  that  in  the  neighborhood  of  this 
speed  it  is  difficult  to  maintain  an  even,  undistur- 
bed water  surface.  Practically,  the  minimum 
speed  for  achieving  a relatively  uniform  surface  is 
approximately  3 m/s.  For  present  purposes  a 
minimum  speed  of  5. 18  m/s  was  taken  for  the  la- 
teral plane  measurements. 

The  working  section  is  provided  with  large  lucite 
windows,  both  at  the  bottom  and  sides  in  order  to 
provide  flow  visibility  and  photographic  coverage. 
The  model  was  mounted  to  a three  degree  of  free- 
dom actuator  through  a suitable  mounting  fixture 
and  six  component  force  balance.  The  activator 
was  capable  of  varying  the  trim,  yaw  and  immer- 
sion of  the  model.  Figure  2 illustrates  diagram- 
matically  the  relationship  of  the  model  to  the  force 
balance  center  and  the  reference  point  used  in  cal- 
culating all  moments. 

The  strain  gauge  force  balance  used,  measures 
the  roll  moment,  axial  force,  two  side  forces  and 
two  normal  forces.  From  the  latter  four  readings 
the  yaw  and  pitching  moments  can  be  derived.  The 
maximum  range  of  the  force  elements  is  ± 178  N 
each  on  the  normal  forces,  ±62  N each  on  the  side 
forces.  111  N in  the  axial  direction  and  29  N m 
in  roll.  All  forces  were  measured  in  body  coordi- 
nates as  the  force  balance  was  mounted  rigidly  to 
the  model  and  rotated  with  it.  The  signals  from 
the  balance  were  passed  through  a balance  network 
and  amplifying  system  before  being  read  out  on  an 
integrating  digital  display. 

Experimental  Procedure:  Prior  to  the  tests  the 
force  balance  was  calibrated  over  the  anticipated 
range  of  forces  and  moments.  It  was  found  to  be 
linear  with  a least  count  of  0.04  N.  Great  care 
was  taken  in  aligning  the  model  to  the  tunnel  axis 
and  in  zero  setting  of  the  angular  motion  mechan- 
ism. The  immersion  actuator  was  also  calibrated 
and  found  accurate  to  0.03  x 10“  5m.  Since  the  wa- 
ter surface  in  the  working  section  is  not  perfectly 
horizontal  when  the  tunnel  is  running  the  zero  trim 
condition  was  referenced  to  the  mean  water  slope 
as  obtained  by  aligning  the  keel  to  the  running  wa- 
ter surface.  This  slope  being  a function  of  tunnel 
velocity  was  determined  for  each  speed.  Typical- 
ly values  obtained  at  7.01  m/s  and  5.18  m/s  were 
-0.28  degrees  and  -0.16  degrees  respectively, 
where  the  negative  sign  signifies  a nose  down  con- 
dition. 

Typically,  the  test  procedure  used  was  as  follows. 
After  setting  the  tunnel  at  the  desired  speed  and 
adjusting  the  zero  trim  angle  to  its  running  zero 
position,  the  keel  was  set  to  just  clear  the  water 
surface  and  the  heave  scale  adjusted  to  zero.  The 
yaw  was  set  at  zero  and  with  the  model  clear  of 
the  water  air  tares  were  recorded.  The  model 
was  then  immersed  to  the  desired  value  and  forces 
and  moments  recorded  as  a function  of  yaw  angle. 
During  the  course  of  this  series  of  runs,  photo- 
graphs of  the  flow  and  spray  pattern  were  recorded 
at  selected  conditions.  Flow  phenomena  such  as 
the  condition  of  the  base  ventilation  cavity  at  the 
sidewall  transom,  the  occurrence  of  leading  edge 
ventilation  or  vortex  type  ventilation  were  also 
noted.  After  each  set  of  runs,  which  nominally 
covered  approximately  10  data  points,  an  air  tare 
was  retaken.  Additionally  two  zero  yaw  readings 
were  recorded  at  the  beginning  and  end  of  each 
data  set  to  ensure  repeatability  of  the  data  and  to 
monitor  any  drifts  which  might  be  occurring  in  the 
force  recording  system.  This  sequenae  was  re- 
peated for  varying  immersions. 


For  negative  and  positive  trim  angles,  the  model 
was  lowered  until  the  leading  edge  of  the  keel  line 
was  just  touching  the  water.  Knowing  the  trim  and 
the  length  from  this  point  to  the  reference  plane, 
the  model  was  either  raised  or  lowered  to  achieve 
the  desired  immersion  at  the  reference  plane  and 
the  procedure  described  above  was  repeated. 

In  addition  to  the  above  tests,  a series  of  buoyancy 
runs  was  conducted.  These  tests  were  taken  at 
zero  tunnel  speed.  This  set  of  runs  provided  a 
good  check  as  to  the  accuracy  of  the  measuring 
system  and  data  reduction  program  on  comparing 
to  calculated  values. 

The  sign  convention  used  for  reducing  the  forces 
and  moments  is  shown  in  Figure  3.  As  previously 
mentioned  only  the  roll  moment  is  directly  mea- 
sured. The  pitching  moment  and  yaw  moment  are 
derived  from  the  two  normal  forces  and  two  lateral 
forces,  respectively.  In  reducing  the  data  all  mo- 
ments were  calculated  about  a reference  point 
0.067  m forward  of  the  transom  and  0.024  m above 
the  keel  as  shown  in  Figure  2.  A computer  pro- 
gram was  used  to  reduce  all  the  data  and  subtract 
out  the  appropriate  air  tares.  Hydrostatic  tares 
were  also  removed  in  order  to  obtain  the  hydrody- 
namic forces  and  moments  used  in  the  subsequent 
correlation  with  theoretical  predictions. 

3.  THEORETICAL  CONSIDERATIONS 

Application  of  the  concepts  of  slender  body  theory 
to  the  SES  sidehull  problem  has  been  treated  in 
References  (1)  and  (2).  These  initial  formulations 
invoked  certain  basic  assumptions  regarding  the 
form  of  lateral  and  vertical  added  mass  coefficients 
and  the  treatment  of  cross  flow  drag  effects.  These 
assumptions  have  subsequently  undergone  a re- 
evaluation  in  the  light  of  experimental  data  as  dis- 
cussed in  References  (4)  and  (5).  Some  of  these 
modifications  will  be  touched  upon  here  in  light  of 
the  present  experimented  results. 

In  addition  to  the  above  method  of  approach,  recent 
work.  Reference  (6),  utilizing  the  concepts  of  lift- 
ing surface  theory  has  been  applied  to  the  problem 
of  low  aspect  ratio  surfaces,  such  as  SES  sidehulls 
in  the  presence  of  the  free  surface.  These  studies 
also  included  the  consideration  of  a fully  vented 
sidehull  where  one  surface  is  completely  ventilated. 
The  method  however  has  limitations  in  that  it  con- 
siders a flat  plate  geometry  and  only  addresses  the 
problem  of  zero  trim.  As  a consequence  it  fails  to 
account  for  effects  arising  from  the  body  geometry 
and  any  cross  coupling  that  may  exist  between  ver- 
tical and  horizontal  planes. 

For  purposes  of  this  discussion  the  basic  slender 
body  formulation  as  applied  to  the  present  problem 
is  given  in  brief  form  in  Appendix  A.  The  modifi- 
cations incorporated  into  the  analysis  are  those 
originally  derived  in  (5)  and  are  in  some  instances 
the  same  as  those  obtained  independently  in  (4). 

Lateral  Added  Mass  Properties:  The  calculation  of 
the  hydrodynamic  forces  on  the  sidehull  has  been 
based  upon  the  fundamental  concept  of  slender  body 
theory  in  an  infinite  fluid.  Since  we  are  essentially 
dealing  with  a high  speed  free  surface  problem,  the 
approximation  by  neglecting  the  free  surface  effect 
must  be  justified.  For  a steady  flow  of  constant 
speed  U In  an  inviscid,  incompressible  fluid  the 
linearized  free  surface  condition  is  given  by: 

U2*xx+S*z=°  (1) 


V u . 
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where  I is  a velocity  potential.  Since  the  sidewall 
immersion  is  small  in  comparison  with  the  craft 
length,  it  is  more  illustrative  to  express  the  above 
condition  with  respect  to  two  different  length  scales 
as  follows: 


the  trim  down  cases  where,  because  of  the  sharp- 
ness of  the  keel  and  stem  line,  it  was  felt  more 
appropriate  to  use  a coefficient  of  2.0.  This  range 
of  values  for  the  cross-flow  drag  coefficient  is 
within  normal  expectations. 


F2  7 t , , 
r l x'x' 


+ 'z<=° 


(2) 


Here  Ff  is  the  Froude  number  based  on  craft  speed 
and  sidehull  length,  x'  is  the  non  dimensional  axial 
coordinate  referenced  to  the  craft  length,  i and  z' 
is  the  non  dimensional  vertical  coordinate  refer 
enced  to  craft  immersion  d.  It  will  be  seen  that 
even  though  Fr  may  be  large  (typically  of  the  order 
of  1 to  2 for  an  SES)  the  fact  that  the  immersion 
ratio  d/l  is  small  (of  the  order  of  10"Z)  makes 
the  second  term  dominant . Consequently  the  free 
surface  can  be  regarded  as  a reflection  boundary 
where: 


= 0 (3) 

which  is,  in  fact,  the  usual  low  speed  or  low  fre- 
quency condition.  Hence,  the  added  mass  coeffi- 
cient appertaining  to  low  frequency  has  been  selec- 
ted in  the  present  correlations.  Furthermore,  in 
keeping  with  the  practices  used  in  ship  theory,  this 
coefficient  has  been  made  a function  of  the  local 
sectional  characteristics  and  is  therefore  a vari- 
able over  the  length  of  the  sidehull.  It  has  been 
found  that  this  procedure  provides  much  better 
correlation  for  predicting  the  yawing  moments 
than  the  use  of  a constant  value  for  this  coefficient. 

The  added  mass  may  be  written  in  the  following 
form: 

Uyy(5)  = pfkyy(?)d(?)2  (^ 


where  p is  the  density  of  the  fluid,  d(5)  is  the  local 
draft  and  kyy  is  the  added  mass  coefficient.  For 
typical  SES  sidehull  shapes,  ranging  from  triangu- 
lar to  rectangular  sections,  the  value  of  kyy  lies 
between  1.6  and  2.8.  These  values  are  in  con- 
formity with  typical  low-frequency  values  used  in 
ship  theory  (7). 

Camber  Effects:  As  discussed  in  Appendix  A the 
slender  body  forces  are  supplemented  by  non  linear 
cross-flow  drag  terms.  These  terms  depend  on 
the  square  of  the  relative  cross-flow  velocity.  In 
order  to  account  for  changes  in  angle  of  attack  of 
the  flow  at  sections  of  the  body  where  there  is 
camber,  in  particular  at  the  forward  sections  near 
the  bow  and  near  the  fairing  where  the  thickness 
distribution  changes,  a term  dependent  on  the  local 
sidehull  slope  has  been  added  to  the  cross -flow  ve- 
locity . In  the  present  case,  this  cross-flow  velo- 
city is  represented  by  the  following: 

Vr  = U*-Uf?  <5) 


where  U is  the  tunnel  velocity,  (i  is  the  yaw  angle, 
tj  is  the  waterline  mean  thickness  and  5 is  the 
axial  coordinate.  This  added  term  has  the  tenden- 
cy of  localizing  an  added  force  at  sections  where 
there  is  a rapid  change  in  body  thickness. 

The  cross -flow  drag  coefficients  used  in  the  pre- 
sent correlation  have  been  taken  as  1.0  except  in 


Trim  Down  Conditions:  Application  of  the  slender 
body  concepts  to  the  case  when  the  sidehull  is  in  a 
trim  down  condition  deserves  special  attention.  As 
in  the  case  of  slender  wing  theory,  the  flow  over 
the  forward  portions  of  the  wing  contributes  to  the 
lift,  whereas  flow  over  the  aft  sections  downstream 
of  the  maximum  span  have  little  or  no  lift  contri- 
bution due  to  the  induced  side -wash  effects.  This 
concept  also  carries  over  to  the  flow  around  slen- 
der bodies  at  angles  of  attack  as  discussed  in  (8). 
As  an  analogy  to  this  effect,  it  is  postulated  that 
when  the  craft  is  in  a pitch  down  condition  the  flow 
downstream  of  the  maximum  immersion  point  is 
influenced  by  the  upstream  shed  vorticity  and  con- 
sequently generates  no  side  force.  This  effect 
leads  to  a concentration  of  the  side  force  to  for- 
ward sec 'dons  of  the  sidehull  ahead  of  the  maxi- 
mum immersion  point,  thus  contributing  a larger 
destabilizing  moment,  a behavior  typical  of  full 
length  SES  sidehulls. 

Implementation  of  this  concept  has  been  discussed 
in  References  (4)  and  (5)  and  involves  integration 
of  the  slender  body  equations  from  the  bow  to  the 
maximum  station.  It  should  be  noted,  in  this  re- 
spect, that  when  a sidehull  having  a horizontal  keel 
is  in  a trim  down  condition  such  that  the  transom 
is  above  the  water  surface,  the  normal  formulation 
of  the  slender  body  equations  would  give  a zero 
side  force,  since  the  force  depends  on  the  evalua- 
tion of  the  draft  at  the  transom,  which  in  this  in- 
stance is  zero.  Utilization  of  the  above  modifica- 
tion however  avoids  this  anomaly. 

In  the  case  of  the  present  sidehull  where  a fairing 
exists  which  drops  below  the  keel  line,  it  is  most 
probable  that  certain  sections  of  the  fairing  are 
outside  the  influence  of  the  wake  shed  by  the  for- 
ward portions  of  the  sidehull.  In  this  event  the 
above  analogy  is  somewhat  obscure  and  may  re- 
quire further  modification.  Furthermore  due  to 
this  fairing,  the  draft  at  the  transom  of  the  side- 
hull  is  no  longer  zero  and  the  normal  slender  body 
approach  would  give  rise  to  a side  force.  Since 
the  flow  condition  is  unclear  in  this  case  it  has 
been  decided  in  the  present  work  to  retain  this  lat- 
ter approach. 

Cross  Coupling  Effects:  Due  to  the  asymmetry  of 
typical  &ES  sidehull  shapes  as  evidenced  by  the 
present  model  it  can  be  expected  that,  under  yawed 
conditions,  vertical  forces  and  moments  will  be 
generated.  Furthermore,  should  the  sidehull  be 
operated  at  a trim  condition  it  is  expected  that 
side  forces  and  yaw  moments  will  arise.  This 
cross  coupling  has  been  included  in  the  theoretical 
formulation.  For  the  inviscid  terms  this  coupling 
is  representative  of  a net  change  in  momentum  in 
a particular  direction  caused  by  the  motion  of  the 
body  in  an  orthogonal  direction.  In  the  case  of  the 
non  linear  cross-flow  drag  term  the  coupling  for- 
ces occur  due  to  the  assumption  that  the  net  force 
on  the  body  is  perpendicular  to  the  dead  rise  sur- 
face. In  order  to  estimate  the  magnitude  of  this 
coefficient,  the  following  formula  has  been  used 
for  the  inviscid  force  contributions: 


^yz(x)  = ^zz(x)  Ny(x)/Na(x) 


(6) 
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where  Ny(x)  and  Nz(x)  are  average  values  of  the 
horizontal  and  vertical  unit  normal  components  of 
the  hull  cross-section  at  any  station.  The  average 
is  taken  with  respect  to  the  wetted  length  of  the 
hull  cross  sectional  area.  Note  that  for  a sidehull 
with  axial  symmetry  N„(x)  is  zero  and  hence  there 
would  be  no  cross  coupling  forces  or  moments. 

For  the  case  of  the  non  linear  cross-flow  drag 
terms,  it  is  assumed  that  the  cross  flow  force  acts 
normally  to  the  deadrise  surface  at  any  given  sec- 
tion. The  value  of  the  cross-flow  drag  cross 
coupling  coefficient  is  therefore  equal  to  the  cotan- 
gent of  the  mean  deadrise  angle  at  any  given  sec- 
tion of  the  sidehull.  For  the  present  experiments 
where  the  lateral  forces  and  moments  were  being 
investigated,  cross  coupling  effects  occur  when 
the  sidehull  is  at  a trim  angle  other  than  zero.  In 
this  instance  horizontal  force  and  moments  arise 
due  to  the  trim  attitude  of  the  sidehull. 


Spray  Drag:  In  the  prediction  of  sidehull  perfor- 
mance one  of  the  most  important  parameters  is 
that  of  drag.  In  addition  to  the  normal  components 
of  drag,  viz  the  skin  friction  drag  and  the  pressure 
drag,  there  exists  especially  at  high  speed,  a sig- 
nificant spray  drag.  Unfortunately  very  little  in- 
formation exists  regarding  this  drag  component. 

In  an  effort  to  provide  some  insight  into  this  area, 
the  present  tests  were  used  to  ascertain  the  degree 
of  spray  generation  by  utilizing  photographs  to  de- 
termine the  added  wetting  caused  by  spray.  On 
the  assumption  that  the  major  contribution  of  spray 
to  drag  is  due  to  frictional  effects,  this  informa- 
tion was  used  to  generate  a spray  drag  coefficient. 
This  latter  assumption  is  supported  by  investiga- 
tions performed  on  surface  piercing  struts  in  (9). 
For  the  sidehull  under  investigation  two  compo- 
nents of  spray  could  be  identified,  one  arising  at 
the  bow  and  a second  spray  sheet  emanating  from 
the  location  of  the  leading  edge  of  the  fairing.  In 
keeping  with  the  findings  of  Reference  (9)  the  spray 
drag  component  was  cast  in  the  form: 


D 


spray 


f(q,c,t) 


(7) 


4.  EXPERIMENTAL  AND  THEORETICAL  COR- 
RELATION 

In  this  section  we  present  the  correlations  obtained 
between  experiment  and  theory.  In  addition  to  dis- 
cussing the  quantitative  results,  some  interesting 
qualitative  results  will  also  be  presented.  The 
theoretical  computations  have  all  been  conducted 
by  using  the  analyses  presented  in  Appendix  A, 
modified  according  to  Section  3.  These  results 
have  been  derived  in  coefficient  form  for  a single 
sidehull. 

Forces  and  Moments:  As  was  pointed  out  previous- 
ly a set  of  hydrostatic  measurements  was  conduc- 
ted prior  to  the  tests.  These  data  served  a two- 
fold purpose,  first  in  providing  necessary  tares 
for  extracting  the  hydrodynamic  forces  and  mo- 
ments, and  second  they  were  used  to  check  out  the 
validity  of  the  data  reduction  scheme.  Comparison 
of  these  data  with  computed  hydrostatic  quantities 
proved  to  be  excellent,  thus  not  only  providing  a 
thorough  check  of  the  force  balance  and  readout 
equipment  but  verifying  the  location  of  the  force 
balance  electrical  centers  with  respect  to  the  re- 
ference point  for  computing  moments. 

Figure  4 illustrates  a comparison  of  the  drag  force 
as  calculated  with  the  experimental  data  at  three 
tunnel  velocities  for  varying  Bidehull  immersions. 
Shown  in  this  figure  are  the  computations  with  and 
without  spray  drag  effects.  Very  good  agreement 
is  obtained  in  the  former  case.  The  spray  drag  is 
seen  to  contribute  about  30%  of  the  sidehull  drag. 
This  alarmingly  high  percentage  illustrates  the 
importance  of  providing  adequate  spray  rails  in 
the  design  of  SES.  The  sidehull  shape  in  the  pre- 
sent investigation  was  not  provided  with  hard  chine 
lines,  thus  significant  wetting  occurred  due  to  the 
spray.  There  is  no  doubt  that  this  drag  contribu- 
tion could  have  been  substantially  reduced  had 
either  spray  rails  been  provided  at  the  bow  and  at 
the  commencement  of  the  fairing  or  alternatively, 
a chine  line  had  been  incorporated  in  the  design  to 
reduce  wetting. 


where  q is  the  dynamic  pressure,  c is  the  charac- 
teristic length  from  the  point  of  generation  of  the 
spray  to  the  maximum  thickness  point  and  t is  the 
maximum  thickness  of  the  body. 

Based  on  the  results  of  this  analysis  the  following 
formulae  were  obtained  for  the  spray  drag  caused 
by  the  bow  section  and  fairing  respectively: 

D =0.75  Cxjct 

spray  F1 


D 


spray 


= 5.5  Cfqct 


In  these  formulae  the  value  of  t is  taken  to  be  the 
maximum  thickness  in  the  waterline  plane  and  the 
friction  coefficient  Cf  is  evaluated  at  the  appro- 
priate Reynolds  number  for  the  tests.  As  will  be 
seen  in  the  following  section,  excellent  agreement 
with  the  test  results  is  obtained.  This  correlation 
is  particularly  satisfying  insofar  as  the  measure- 
'r.ents  of  spray  wetted  area  are  difficult  at  best  and 
quite  subjective. 

It  must  be  pointed  out  that  the  above  formulae  are 
dependent  on  the  sidehull  geometry  and  are  there- 
fore limited  in  their  application.  They  do,  how- 
ever, provide  some  insight  into  the  importance  of 
this  drag  component  in  SES  sidehull  design. 


Based  on  geometry  of  the  present  sidehull,  the 
spray  drag  caused  by  the  fairing  was  found  to  be 
approximately  four  times  that  of  the  bow,  an  im- 
portant consideration  when  designing  fairings  for 
water  jet  inlets. 

The  behavior  of  the  sidehull  with  yaw  angle  at  var- 
ious trim  and  immersion  conditions  is  shown  in 
Figures  5 through  7.  These  figures  illustrate  the 
behavior  of  the  side  force  coefficient  CL,  the  axial 
force  coefficient  Cx , the  yaw  moment  coefficient  Cjvj 
and  the  roll  coefficient  with  with  yawangle.  Fig.  5 
compares  the  results  at  zero  trim  for  Froude  num- 
bers of  1,51  and  2.04  corresponding  to  tunnel  ve- 
locities of  5.12  m/s  and  7.10  m/sec  respectively. 
As  will  be  seen,  generally  excellent  correlation  is 
obtained.  There  is  some  discrepancy  in  the  roll 
and  yaw  moment  at  larger  negative  angles  of  yaw, 
possibly  due  to  cross  coupling  effects,  as  at  these 
conditions  the  deadrise  of  the  sidehull  is  presented 
to  the  flow.  At  positive  angles  of  yaw,  no  such 
cross  coupling  occurs  as  the  sidehull  force  is  ver- 
tical. The  correlations  for  a positive  trim  of  1* 
are  shown  in  Figure  6.  Here  again,  the  theoretical 
projections  agree  quite  well  with  the  data.  Again 
there  is  evidence  of  some  discrepancy  at  the  larger 
negative  yaw  angles,  once  more  possibly  due  to 
cross  coupling  effects.  The  axial  force  correlation 
in  this  Instance  is  somewhat  poorer  than  in. the 
previous  case.  This  is  thought  to  be  due  to  added 
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spray  drag  caused  by  the  inlet  fairing  at  this  angle 
of  trim.  Figure  7 illustrates  the  results  for  a neg- 
ative trim  of  -1°.  7/e  see  here  that  whereas  good 

correlation  exists  in  the  force  coefficients,  some 
discrepancies  arise  in  the  moment  comparison, 
especially  in  the  case  of  the  yaw  moment.  Apart 
from  the  cross  coupling  effects  previously  men- 
tioned, this  particular  test  condition  is  subjected 
to  flow  anomalies  such  as  leading  edge  ventilation. 
This  phenomenon  was  observed  in  all  trim  down 
conditions  especially  at  negative  angles  of  yaw. 

The  qualitative  effects  of  this  ventilation  will  be 
discussed  in  a subsequent  section. 

The  behavior  of  the  force  and  moment  coefficients 
with  immersion  at  a trim  of  0°  is  shown  in  Figure 
8.  Here  excellent  agreement  is  evidenced  in  all 
cases  except  perhaps  for  the  yaw  moment.  As  in 
the  case  for  trim  down  conditions  it  was  observed 
that  at  the  deeper  immersions,  the  sidehull  was 
more  prone  to  leading  edge  ventilation.  This  phe- 
nomenon is  probably  attributable  to  the  thicker 
section  of  the  bow  causing  leading  edge  separation. 
Nevertheless  the  correlation  is  considered  to  be 
reasonable. 

Qualitative  Results:  As  already  mentioned  in  pre- 
vious sections  of  this  paper,  the  use  of  the  free 
surface  water  tunnel  for  experiments  of  this  nature 
is  most  useful  in  that  it  provides  an  opportunity  for 
detailed  flow  visualization.  Flow  phenomena  such 
as  ventilation,  cavitation,  spray,  and  to  some  ex- 
tent separation,  can  be  observed.  We  shall  now 
discuss  some  of  the  phenomena  observed  during 
the  present  test  series. 

Figure  9 shows  a sequence  of  photographs  taken  at 
a tunnel  speed  of  5. 18  m/s  at  a trim  angle  of  +1° 
and  an  immersion  ratio  of  10.6  x 10"^.  These 
photographs  are  taken  through  the  side  window  of 
the  tunnel  from  a point  slightly  below  the  free  wa- 
ter surface  at  a slight  upward  angle.  The  flow  in 
all  instances  is  from  right  to  left.  Figure  9 is  il- 
lustrative of  the  flow  conditions  existing  over  the 
full  range  of  yaw  angles  tested,  the  top  photograph 
is  taken  at  a yaw  angle  of  +4°,  the  center  photo- 
graph is  at  0°  and  the  bottom  is  at  -4°.  Inspection 
of  these  figures  will  show  that  the  water  contact 
surface  with  the  body  over  this  range  of  yaw  angles 
is  little  changed.  This  is  of  importance  when  ap- 
plying slender  body  theory  to  the  present  problem 
as  it  validates  the  use  of  a constant  immersion 
profile  with  yaw  angle.  Close  examination  of  the 
bottom  photograph  in  this  sequence  at  an  angle  of 
-4°  yaw  shows  a slightly  larger  spray  generation  in 
the  vicinity  of  the  fairing  near  the  transom  of  the 
sidehull.  However,  apart  from  this  effect,  little 
difference  can  be  found  between  the  three  photo- 
graphs. It  should  be  noted  in  this  figure  that  the 
transom  area  of  the  sidehull  is  fully  ventilated  and 
the  boundary  of  the  ventilation  cavity  can  be  seen 
emanating  from  the  keel  at  the  transom.  Other 
than  the  flow  characteristics  outlined  above,  little 
anomalous  behavior  was  seen  under  conditions  of 
positive  and  zero  trim  during  the  whole  iest  series. 
At  the  deeper  immersions,  however,  at  a zero 
angle  of  trim  some  evidence  was  observed  of  very 
local  flow  separation  near  the  leading  edge  of  the 
sidehull.  On  occasion  this  separated  region  had  a 
tendency  to  ventilate;  however,  this  ventilation 
region  was  confined  to  very  local  flow  separation 
near  the  leading  edge.  It  is  considered  unlikely 
that  this  type  of  ventilation  had  any  effect  on  the 
forces  and  moments  on  the  sidehull. 

Whereas  a relatively  clean  flow  condition  existed 


under  the  above  described  conditions,  this  was  not 
the  case  at  the  negative  trim  angles.  In  this  in- 
stance it  was  noted  that  ventilation  occurred  from 
the  leading  edge  under  most  conditions  of  immer- 
sion and  negative  sideslip.  Two  types  of  ventila- 
tion phenomena  can  be  described:  (1)  A vortex 
type  ventilation,  starting  from  the  intersection  of 
the  keel  and  stem  lines  and  propagating  aft  under 
the  keel  of  the  sidehull.  This  type  of  ventilation 
occurred  at  the  lower  yaw  angles  and  was  accom- 
paneid  by  an  intermittent  region  of  ventilation  at- 
tached to  the  sidehull.  (2)  At  the  larger  negative 
yaw  angles  an  attached  ventilated  cavity  was 
formed  at  the  leading  edge  of  the  sidehull.  The 
size  of  this  ventilated  cavity  was  dependent  on  the 
yaw  angle,  trim  angle,  immersion  and  speed.  In 
order  to  illustrate  some  of  these  effects  Figures 
10  and  11  show  the  sidehull  at  negative  trim  angles 
of  -1°  and  -2°  respectively.  In  Figure  10  the 
leading  edge  ventilation  can  be  seen  starting  at  the 
leading  edge  of  the  sidehull  in  the  top  photograph. 
A close-up  of  this  area  is  shown  in  the  center 
photograph  where  the  outline  of  the  ventilation 
area  can  be  seen  just  below  the  keel.  The  last 
photograph  is  a view  taken  from  underneath  the 
tunnel  looking  up  at  the  keel  line.  Here  one  can 
clearly  see  the  region  of  separation  from  the  stem 
of  the  sidehull  and  the  wake  emanating  from  the 
keel  on  the  leeside.  The  white  striations  in  the 
flow  are  caused  by  spray  and  air  bubbles  in  the 
surface  of  the  water.  The  outer  bright  line  ema- 
nating from  the  leading  edge  of  the  sidehull  in  the 
bottom  photograph  marks  the  location  of  the  ven- 
tilating vortex  core.  In  this  particular  run  the 
amount  of  ventilation  attached  to  the  sidehull  was 
relatively  small  and  consequently  the  effect  on  the 
overall  forces  and  moments  would  not  be  consi- 
dered high.  This  situation  arises  because  the 
immersion  is  a relatively  small  one  for  this  trim 
angle.  In  contrast  to  this  run.  Figure  II  illus- 
trates the  flow  occurring  around  the  sidehull  at  a 
velocity  of  5.18  m/s  and  a trim  condition  of  -2°. 
The  immersion  here  is  again  similar  to  the  pre- 
vious Figure.  As  will  be  seen  from  the  top  two 
photographs,  extensive  ventilation  is  occuring 
from  the  leading  edge  of  the  sidehull.  This  is 
evidenced  by  the  outline  of  the  cavity  in  the  top 
photograph  and  the  separated  region  from  the  stem 
of  the  sidehull  as  shown  in  the  center  photograph. 
In  order  to  illustrate  more  clearly  the  ventilated 
area,  a photograph  was  taken  from  the  opposite 
side  of  the  tunnel.  This  view  is  shown  in  the  bot- 
tom photograph  and  it  should  be  noted  that  here 
the  flow  is  now  from  left  to  right.  The  ventilated 
region  is  clearly  evidenced  in  this  latter  photo- 
graph as  the  white  area  attached  to  the  sidehull 
at  the  leading  edge.  As  can  be  seen,  this  area 
extends  approximately  one  third  of  the  length  of 
the  sidehull.  In  this  circumstance,  significant 
changes  would  be  expected  to  occur  in  the  lateral 
forces  and  moments. 

As  was  pointed  out  earlier,  the  negative  trim  con- 
ditions are  most  prone  to  this  ventilation  pheno- 
menon. This  is  no  doubt  due  to  the  fact  that  under 
these  conditions,  thicker  sections  of  the  sidehull 
are  immersed  in  the  water  at  the  leading  edge. 
Since  the  onset  of  ventilation  is  closely  associated 
with  the  boundary  layer  development  on  the  body 
it  is  natural  to  assume  that  the  flow  separates 
more  easily  under  these  conditions,  thus  allowing 
a path  for  atmospheric  air  to  feed  into  the  separ- 
ated region.  In  light  of  this  evidence  therefore,  it 
is  not  surprising  that  correlation  with  theory  would 
break  down. 
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It  should  be  strongly  emphasized  that  the  present 
tests  have  been  conducted  under  idealized  condi- 
tions. In  the  real  situation,  the  influence  of  the 
air  cushion  and  the  bow  seal  in  the  neighborhood  of 
the  leading  edge  of  the  sidehull  would  have  signi- 
ficant effects  on  the  occurrence  of  the  sidehull 
ventilation.  Furthermore,  even  in  the  absence  of 
these  influences,  the  scaling  properties  of  this 
phenomenon  make  it  difficult  to  extrapolate  the 
findings  from  these  tests  to  the  full  scale.  With 
these  factors  in  mind,  it  was  not  the  intention  of 
the  present  test  series  to  conduct  an  exhaustive 
investigation  into  defining  the  boundaries  and  flow 
conditions  under  which  this  phenomenon  occurs. 
However,  based  on  the  results  of  this  investigation, 
it  is  safe  to  assume  that  under  certain  conditions, 
leading  edge  ventilation  can  be  expected  to  occur 
in  the  full-scale  on  this  type  of  sidehull.  This 
condition  would  not  only  be  of  importance  from  the 
point  of  view  of  its  effect  on  the  forces  and  mo- 
ments on  the  craft,  but  also  in  its  impact  on  the 
airflow  leakage  under  the  sidehulls  and  perhaps 
more  importantly,  its  effect  on  the  performance  of 
the  waterjet  inlet  and  directional  stabilizers. 

5.  MANEUVERING  SIMULATION 


therefore  pointing  to  starboard.  The  two  coordi- 
nate systems  coincide  initially  at  time  zero.  The 
subsequent  trajectory  of  the  craft  can  be  deter- 
mined as  a function  of  t by  the  position  of  the  craft 
C.G.  and  the  yaw  angle  (f  with  respect  to  the  iner- 
tial frame. 

Confining  the  craft  motion  to  a horizontal  plane 
with  four  degrees  of  freedom,  one  is  concerned 
with  two  translatory  motion  components  along  x 
(surge)  and  y (sway),  and  two  angular  motions 
about  x (roll)  and  z (yaw).  If  u and  v are  the  linear 
velocity  components  of  the  craft  center  of  gravity 
along  the  body  axes  x and  y,  and  p and  r the  angu- 
lar velocities  about  the  axes  x and  z,  respectively, 
the  equations  of  motion  in  the  body  coordinate  sys- 
tem are  given  by:  (See  Reference  10) 

m(u-ru)  = X 
m (v  + ru)  = Y 

Ip  = K <8> 

xr 

I ? = N 

z 


In  this  section  we  present  the  development  of  a 
four  degree  of  freedom  maneuvering  program  for 
the  prediction  of  turning  characteristics  of  surface 
effect  ships.  The  use  of  a four  degree  of  freedom 
program  was  motivated  by  the  desire  to  develop  a 
design  tool  in  which  parametric  analyses  could  be 
conducted  to  analyze  the  various  modes  of  turning 
such  as  differential  thrust,  turning  skegs,  rudders 
and  thrust  vectoring  methods.  In  order  to  per- 
form these  analyses  it  was  felt  that  the  use  of  a 
six  degree  of  freedom  would  be  too  costly  and 
time  consuming.  Existing  programs  of  this  nature 
are  not  well  suited  to  parametric  investigations 
such  as  these.  Computer  run  times  of  existing  six 
degree  of  freedom  simulation  are  several  factors 
longer  than  real  time.  Consequently,  the  use  of 
such  programs  for  these  analyses  is  prohibitively 
expensive.  The  present  program  in  contrast  can 
simulate  a maneuver  such  as  a full  turn,  in  a typ- 
ical computer  run  time  of  10  seconds  on  a CDC 
6600  machine. 

The  four  degree  of  freedom  simulation  is  consi- 
dered to  be  an  adequate  one  for  representation  of 
turning  maneuvers  for  SES.  This  conclusion  is 
based  on  the  fact  that  typically  these  crafts  have 
a very  flat  turn  with  little  or  no  roll  angle.  As  a 
consequence,  the  interaction  of  the  bow  and  stern 
seals  in  the  turning  process  is  minimal  and  con- 
sequently the  leakage  patterns  during  a turn  do  not 
significantly  affect  the  vertical  dynamics  of  the 
craft.  In  the  four  degree  of  freedom  simulation 
the  surge, sway,  yaw  and  roll  modes  only  are  con- 
sidered. This  design  tool  has  proved  most  valu- 
able in  assessing  such  diverse  turning  procedures 
as  thrust  vectoring,  differential  thrust,  variation 
in  sidewall  immersion  and  combinations  of  these 
procedures. 

The  motion  of  the  craft  will  be  described  in  terms 
of  the  relationship  between  a body-fixed  reference 
frame  and  a coordinate  system  fixed  in  space. 

The  inertial  coordinates  (x^,  yQ,  zQ)  and  the  body 
coordinates  (x,  y,z)  are  both  designated  according 
to  a right-handed  convention  with  z_  and  z positive 
downward.  The  origin  of  the  body  frame  is  kept 
fixed  at  the  center  of  gravity  of  the  craft  for  all 
time,  t;  the  x-axis  is  parallel  to  the  baseline  of 
the  craft,  positive  forward,  and  positive  y is 


where  m is  the  mass  and  I*  and  Iz  are  the  mass 
moments  of  inertia  of  the  body  about  the  x and  z 
axes  respectively.  Terms  on  the  left  hand  side 
represent  the  rigid  body  inertial  reactions  and  the 
centrifugal  effects  acting  at  the  origin  with  respect 
to  the  moving  coordinate  system.  The  components 
X,Y,K  and  N refer  to  the  total  forces  and  moments 
applied  to  the  craft,  including  the  hydrodynamic 
effects  arising  from  the  overall  motions  of  the 
craft  as  well  as  the  results  of  propulsion  and  con- 
trol forces  which  may  affect  the  craft  maneuver. 

In  a functional  form,  these  components  can  be  ex- 
pressed by: 

X 
Y 
K 
N 

where  6 represents  a general  description  of  the  ef- 
fect due  to  various  propulsion  and  control  schemes. 
To  reduce  the  above  functional  relationship  into 
useful  mathematical  form,  a Taylor  expansion  is 
usually  used,  (References  10  and  11).  By  keeping 
a sufficient  number  of  terms  for  each  variable,  the 
forces  and  moments  can  be  expressed  in  any  de- 
sired order  of  these  variables  to  account  for  vari- 
ous non  linear  effects.  The  solution  of  these  equa- 
tions generally  requires  an  experimental  determin- 
ation of  each  of  the  hydrodynamic  coefficients  ap- 
pearing for  which  a captive  model  test  using  either 
a rotating-arm  technique  or  a planar-motion  mech- 
anism technique  is  necessary. 

As  already  mentioned,  the  purpose  of  the  present 
study  was  aimed  at  developing  a mathematical  for- 
mulation appropriate  for  parametric  analysis  of 
the  maneuver  characteristics  of  an  SES  in  the  early 
design  phases.  In  accordance  with  normal  design 
procedures,  a number  of  different  hull  forms  are 
necessarily  evolved  through  the  design  process. 
Consequently,  it  is  not  always  practical  nor  econo- 
mical to  conduct  model  tests  for  parametric  inves- 
tigations. The  analysis,  therefore,  must  rely  on 
either  the  theoretical  or  empirical  procedures.  In 
the  present  study,  the  calculation  of  the  hydrodyna- 
mic components  is  based  upon  physical  concepts. 
These  forces  are  assumed  to  fall  into  two  major 
categories  arising  from  viscous  and  non  viscous 


= f(u,  v,  p,  r.u,  v,  p,  r,cp,  (,) 


(9) 
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Interactions.  The  non  viscous  components  of  for- 
ces and  moments  are  those  directly  related  with 
dynamic  fluid  pressure  resulting  from  the  body 
motion.  These  forces  are  Intimately  associated 
with  the  energy  exchanges  between  the  fluid  and  the 
moving  body  and  can  be  deduced  from  the  funda- 
mental principals  of  classical  mechanics.  Conse- 
quently, all  nonvlscous  terms,  both  linear  and  non 
linear,  can  be  analytically  Identified  as  functions 
of  the  body  added  Inertias.  The  viscous  contribu- 
tions are  drags  created  through  various  origins. 
The  major  uncertainties  with  regard  to  these  for- 
ces involve  the  identification  of  their  origins  as 
well  as  the  determination  of  the  functional  relation- 
ship of  these  quantities  with  the  body  motions.  In 
the  present  study,  all  the  viscous  terms  are  treat- 
ed as  dependent  on  velocity -squared  and  the  propor- 
tional constants  are  empirical.  While  the  hydro- 
dynamic  characteristics  govern  the  craft  stability, 
the  feature  of  steering  and  control  determines  the 
ability  of  maneuvering.  The  steering  of  an  SES 
can  be  achieved  by  various  applications  of  control 
surfaces  or  by  manipulation  of  propul  sor  thrust  to 
produce  an  appropriate  turning  moment.  The  pre- 
sent study  considers  only  the  latter  option  assum- 
ing that  the  steering  Is  controllable  through  either 
thrust  vectoring  or  differential  thrust.  Since  the 
steering  control  Is  closely  related  with  the  propul- 
sor  characteristics  in  this  respect,  the  effects  of 
propulsion  and  control  are  considered  as  an  inte- 
gral item  In  the  following  discussion. 

In  summary,  each  component  of  force  or  moment 
Is  assumed  to  be  expressible  by  a summation  of 
three  Independent  contributions,  the  dynamic  pres- 
sure, the  drag  and  the  resulting  effect  of  propul- 
sion and  control.  In  addition,  the  roll-moment 
equation  must  include  an  extra  term  due  to  the  ef- 
fects of  changing  buoyancy  of  each  sidewall  as  the 
craft  rolls.  Before  entering  into  a brief  discus- 
sion of  each  of  these  items,  we  write  the  four 
component  equations  in  the  following  form: 


m(i-ru)=Xpre+Xdrag+Xft 

m(v+ru)=Ypre+Ydrag+Y6 

Ip  =K  +K,  + K.  +K , 

xr  pre  drag  buoy  6 

I r =N  +N.  +N, 

z pre  drag  6 


(10) 


Hydrodynamic  Pressure  Effects:  As  discussed  in 
the  beginning  of  this  section,  the  effects  of  cushion 
pressure  and  seals  are  neglected  In  the  present 
four  degree  of  freedom  representation.  The  pres- 
sure forces  considered  here  are  thus  essentially 
the  contributions  attributed  from  the  motion  of  the 
two  sldehulls  In  an  in  viscid  fluid.  As  shown  in 
Reference  (12),  the  hydrodynamic  effect  on  a body 
moving  In  an  Infinite  medium  is  entirely  determin- 
able as  a function  of  Its  added  mass  along  the  prin- 
cipal axes  of  the  body.  By  analogy,  the  effect  on  a 
body  floating  on  a free  surface  can  also  be  deter- 
mined provided  that  both  the  added  mass  and 
damping  are  known.  For  the  present  problem, 
however,  because  of  the  shallow  immersion  of  the 
sldehull,  the  free  surface  effect  is  negligible  and 
the  damping  effect  -an  be  ignored.  Following  the 
procedure  of  classical  mechanics,  the  effects  of 
the  hydrodynamic  pressure  on  the  craft  are  ob- 
tained and  given  by: 


Y = Y.v  + Y.p  + Y.r  + Y v + Y p + (Y  +X.u)r 

pre  v pr  r v pr  ' r u 

K =K. v+K.p  + K.r + K v+K  p + K r 

pre  v pr  r v pr  r 


UD 


N = N. v + N.p  + N.r  + (N  -X.u)v  + (N  +N*)p  + N r 
pre  v pr  r ' v u ' p p r 


in  which  all  the  coefficients  are  a function  of  the 
sldehull  added  mass;  the  analytical  expressions  of 
these  coefficients  are  given  in  Appendix  B. 

Drag  Effects:  The  calculation  of  the  drag  of  the 
craft  is  subdivided  into  two  parts:  the  axial  drag 
and  the  cross-flow  drag.  The  axial  drag  is  fur- 
ther divided  into  several  components  according  to 
its  source,  namely,  the  sldehull,  the  cushion,  the 
seal,  the  appendages  and  the  superstructure.  The 
calculation  of  the  sldehull  drag  follows  the  custo- 
mary practice  for  surface  vessles  such  that  the 
total  drag  is  regarded  as  composed  of  two  parts: 
the  frictional  and  the  residual  drag.  The  friction- 
al drag  is  calculated  based  upon  the  sldehull  wet- 
ted surface  and  a frictional  coefficient  varying  as  a 
function  of  Reynolds  number.  The  major  part  of 
the  residual  drag  is  brought  about  through  wave- 
maklng.  The  wave-making  resistance  of  the  side- 
hulls  together  with  that  due  to  the  air  cushion  pres- 
sure is  calculated  according  to  Reference  (13).  An- 
other component  of  the  residual  drag  is  the  contri- 
bution arising  from  the  pressure  difference  intro- 
duced by  the  sldehull  transom,  namely  the  base 
pressure  drag.  Calculation  of  this  component  is 
described  in  Appendix  A.  In  addition  to  the  fric- 
tional and  residual  drag  described  above,  a con- 
tribution due  to  spray  as  proposed  in  the  foregoing 
section  is  also  included  in  the  calculation  of  the 
sldehull  drag. 

The  details  of  the  seals  are  generally  not  available 
at  the  early  design  stage;  the  drag  of  this  item  is 
estimated  by  its  frictional  contribution  only,  based 
upon  the  instantaneous  wetted  surface  of  the  seals 
of  an  assumed  configuration.  In  regard  to  the  di- 
rectional stabilizers,  the  drag  is  calculated  in  two 
parts;  the  frictional  drag  and  the  pressure  drag. 
Whereas  the  frictional  drag  is  proportional  to  the 
fin  surface,  the  pressure  drag  is  essentially  a 
function  of  the  fin  thickness  to  chord  ratio.  In  ad- 
dition, an  induced  drag  due  to  the  lift  generation  of 
the  fin  is  also  Included.  The  lift  of  the  directional 
stabilizers  is  calculated  by  the  classical  methods 
of  low  aspect-ratio  lifting  line  theory.  Reference 
(14).  As  a result  of  this  component,  an  additional 
side  force,  roll  moment  and  yaw  moment  contribu- 
tion arises  in  the  equations  of  motion.  Finally, 
the  calculation  of  the  aerodynamic  drag  of  the  hull 
and  the  superstructure  depends  upon  experimental 
data.  Nevertheless,  this  component  can  be  ap- 
proximated with  great  accuracy  through  a careful 
selection  of  the  empirical  drag  coefficients. 

Summing  up  these  components  gives  the  total  axial 
drag  of  the  craft,  which  must  balance  the  forward 
thrust,  if  the  craft  speed  is  constant  and  steady.lt 
is  noted  that  when  the  immersion  of  the  two  side- 
hulls  are  not  the  same  due  to  the  roll  motion  of  the 
craft,  an  additional  yaw  moment  arises  in  the  yaw 
equation. 

The  cross  flow  drag  is  the  component  associated 
with  momentum  transfer  through  the  creation  of 
vortices,  wakes,  and  eddies.  It  is  assumed  that 
this  component  is  proportional  to  the  square  of  the 
cross  flow  velocity,  but  acting  in  the  direction  op- 
posite to  the  velocity.  For  a craft  moving  in  a 
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horizontal  plane,  the  sway  force,  roll  and  yaw  mo- 
ments due  to  the  effect  of  viscous  cross  flow  on 
each  sidehull  are  given  in  Appendix  A. 


solved  by  another  integration,  and  the  trajectory 
and  orientation  will  be  completely  specified  once 
y*.  cp  and  # are  known  as  a function  of  time. 


Propulsion  and  Control:  The  present  study  consi- 
ders  the  craft  to  be  propelled  by  means  of  water 
jet  propulsion.  The  propulsor  nozzles  are  as- 
sumed to  be  equipped  in  pairs  at  the  transom,  sym- 
metrical with  respect  to  the  craft  center  line.  The 
basic  turning  scheme  considered  here  is  that  of 
thrust  vector  control  which  means  the  side  thrust 
and  turning  moment  are  generated  by  deflecting 
the  nozzles  as  well  as  by  varying  the  thrust  on  dif- 
ferent nozzles.  A special  case  of  this  scheme  is 
known  as  differential  thrust,  in  which  the  turning 
moment  is  generated  by  increasing  the  power  on 
one  jet  and  decreasing  it  on  the  other  without  de- 
flecting the  nozzle  direction. 


Let  J be  the  horizontal  deflection  angle  of  the  jet 
nozzle,  positive  toward  portside  and  a be  the  ver- 
tical tilt  angle,  positive  upward,  then  the  force 
and  moment  contributions  for  a craft  with  a trim 
angle  0 are  given  by: 


X.= 


^^[T^cosSjCosfo^-  9>-Dmi3 

Tgi8in6i  co8(V9) 

K T^sin^-  0)yj-sin6j  cosOij-  ejz^] 
n 

N j=5I^[Tgjl  cos(0^-  9)(y^cos  5^-x^ln^)  -D^yj] 


(12) 


in  which  x, , y.  and  z.  are  the  corrdinates  of  the  cen- 
terline location  of  the  ith  nozzle,  Tgj  is  the  gross 
thrust  at  the  same  nozzle  and  D,^  tne  correspond- 
ing momentum  drag  of  the  waterjet  inlet.  The 
propulsor  thrust  and  the  momentum  drag  are  ex- 
clusive characteristics  of  an  individual  propulsion 
system  and  depend  much  upon  the  inlet  configura- 
tions. Those  quantities  can  generally  be  expres- 
sed as  a function  of  flow  rate,  pump  rpm  and  craft 
speed.  The  technique  of  polynominal  regression 
may  be  used  if  measured  data  are  available. 

The  above  discussion  completes  the  description  of 
the  various  forces  Involved  in  the  craft  maneuver. 
The  equations  of  motion  derived  above  are  first 
order  differential  equations,  with  the  four  velocity 
components  u,  v,  p and  r as  the  dependent  variables. 
With  the  initial  conditions  properlv  defined,  the 
above  equations  can  be  integrated  solve  these 
velocity  components  as  a function  of  time.  As  de- 
fined earlier,  these  components  are  relative  to  the 
moving  frame.  To  transform  these  components 
into  the  inertial  frame,  the  following  kinematic  re- 
lations are  used: 

x+  = ucosji  -v  coscp  sin# 
y*  = u sin ♦ + v coscp  cost 


f = r /coscp 

in  which  x+  and  y*  denote  the  coordinates  of  the 
craft  C.G.  relative  to  the  fix  frame,  and  cp  and  # 
are  roll  and  yaw  angles.  These  variables  can  be 


Correlation  with  Test  Data:  Numerical  computa- 
tions  to  simulate  several  maneuvers  of  the  U.S. 
Navy  test  craft  XR-1C  have  been  conducted.  Since 
some  tracking  data  and  on-board  instrumentation 
records  of  this  craft  are  available,  comparisons 
of  computed  results  with  measurements  are  made 
and  presented. 

The  XR-1C  craft  is  one  of  the  several  versions  of 
the  test  craft  developed  under  the  U.S. Navy  SES 
test  program.  This  craft  has  an  overall  length  of 
15.24  m and  a nominal  weight  of  17,200  Kg.  The 
nominal  cushion  length  is  1 1 m and  cushion  width 
is  4.  57  m.  The  maximum  sidewall  width  is  0.61 
m at  the  transom.  The  body  plan  of  the  sidehull 
bears  much  similarity  to  that  of  a half  body  of  the 
normal  surface  vessel,  with  the  inside  surface 
being  a vertical  plane  wall  and  the  outside  faired 
to  the  bottom,  varying  from  a U shape  at  the  tran- 
som to  a V at  the  stem.  The  wall  has  a flat  keel 
of  12.2  m long  under  which  at  the  stern  however  a, 
4 m x 0.20  m deep  blister  is  added  for  housing  the 
waterjet  inlet.  In  addition,  for  the  purpose  of  im- 
proving stability,  a 45  degree  inboard-canted  ven- 
tral fin  is  equipped'on  each  wall  under  file  blister. 
The  fin  has  a 36  cm  span  and  a 1.6  m mean  chord 
length.  Figure  12  is  a sketch  to  show  the  overall 
configuration  of  the  craft. 

Presented  in  the  following  are  two  sets  of  numeri- 
cal simulations  for  the  XR-1C  maneuver.  The 
conditions  of  these  simulations  are  setcor  responding 
to  those  of  the  actual  test  runs  in  (1)  flight  #76-37 
and  (2)  flight  #85-45.  The  craft  response  and  its 
trajectory  are  then  calculated  to  compare  with  the 
measured  data.  The  Information  with  regard  to 
the  two  test  runs  as  well  as  some  pertinent  craft 
data  described  in  the  following  are  obtained  from 
Reference  (15). 

(1)  Flight  #76-37;  For  the  purpose  of  examining 
the  safety  and  stability  of  the  test  craft,  an  asym- 
metric propulsor  chop  during  a straight  flight  was 
conducted  in  1973-4  by  Rohr  Industries.  During 
the  maneuver,  the  on-board  instrumentation  re- 
corded the  propulsor  thrust  characteristics  as  well 
as  the  craft  responses,  such  as  the  yaw-rate,  side 
slip,  roll  angle  and  the  craft  velocity  as  a function 
of  time.  These  measured  data  are  shown  here  by 
the  solid  lines  in  Figure  13.  Some  useful  informa- 
tion with  regard  to  this  flight  are: 

craft  C.G.  = 6.4mforward  of  transom 

= 1.4  m above  the  keel  line 
craft  trim  =0.5  degrees 

initial  craft  speed  = 26  knots 

To  simulate  the  c raft  maneuver,  the  hydrodynamic 
coefficients  must  first  be  calculated.  These  coef- 
ficients as  known  are  dependent  upon  the  immersed 
geometry  of  the  sidehull.  Unfortunately,  no  side- 
hull  immersion  was  reported  in  the  test  data,  ex- 
cept that  the  trim  angle  was  known  to  be  0.5  de- 
gree. In  the  calculation,  the  Immersion  depth  was 
estimated  from  the  results  of  the  l/7th  scale  mo- 
del tests  (Reference  16),  in  which  the  immersion 
and  trim  were  recorded  in  a series  of  free-to- 
trim  and  heave  tests  over  a range  of  model  speeds. 
For  a craft  speed  of  27  knots,  the  immersion  at 
the  craft  C.G.  station  was  estimated  to  be  20  cm. 
Using  this  Immersion  and  the  given  trim,  the  hy- 
drodynamic coefficients  were  determined.  The 
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calculated  results  show  fairly  good  agreement  with 
these  available  data  obtained  from  the  model  test. 

The  XR-1C  craft  was  equipped  with  twin  Lycoming 
T-53  turbines,  each  driving  a Pratt  & Whitney 
Seajet  6-1A  pump  to  provide  the  propulsion  thrust. 
Available  data  (Reference  15)  show  that  the  gross 
thrust  deliverable  from  each  jet  can  be  related 
with  the  pump  rpm  (n)  as  follows: 

T^=  3. 149  x 10'^n^  (Newtons) 

From  the  same  data  source,  the  drag  which  ac- 
counts for  the  momentum  of  the  water  entering  the 
waterjet  inlet  is  also  known  and  can  be  approxi- 
mated as  a function  of  the  pump  rpm  and  the  craft 
forward  speed  U (in  knots): 

D =9.77x10  ^nU  (Newtons) 
m 

The  pump  rpm  is  known  to  be  2020  when  propelling 
the  craft  at  a 27-knot  steady,  forward  speed.  The 
above  information  thus  provides  sufficient  back- 
ground for  determining  the  thrust  characteristics 
in  steady  state  operation. 

The  recorded  thrust  variation  after  a port  throttle 
chop  during  the  flight  76-37  is  shown  in  Figure  13. 
It  can  be  seen  from  the  figure  that  the  transition 
effect  during  the  throttle  shut-down  is  about  12 
seconds.  Using  this  transition  time  as  an  addi- 
tional parameter  to  adjust  the  thrust  of  the  port 
jet,  the  craft  responses  are  calculated  and  shown 
in  the  same  figure.  The  results  show  that  the 
agreement  is  excellent  in  yaw  rate  and  craft  velo- 
city. The  calculated  side  slip  is  slightly  larger 
than  recorded.  The  calculation  also  shows  a very 
small  amplitude  roll  oscillation,  whereas  the  roll 
trace  shows  an  inherent  list  of  approximately  0.5 
degree  to  starboard.  One  possible  explanation  for 
this  is  that  the  0.  5 degree  list  may  result  from  a 
slight  built-in  tilt  angle  on  the  jet  nozzles. 

(2)  Flight  85-45:  The  flight  85-45  of  the  XR-1C 
test  was  aimed  at  examining  the  high  speed  turning 
response  and  the  turning  diameter  of  the  craft  as  a 
result  of  thrust  vectoring.  The  steady  speed  be- 
fore the  turn  was  34.3  knots.  The  turning  was 
achieved  by  deflecting  both  nozzles  26  degrees  to- 
ward starboard.  In  the  calculation  the  turning  is 
initiated  7 seconds  after  the  reference  time  zero. 
Figure  14  shows  a comparison  between  the  calcu- 
lated craft  response  and  the  measured  data. 

The  velocity  measurements  during  the  flight  were 
made  by  two  on-board  sensors  and  also  determined 
by  the  Autotape  tracking  system.  One  of  the  on- 
board sensor  is  Signet.  The  Signet  is  a magneto 
tachometer,  usable  for  speed  up  to  30  knots.  The 
other  speed  reference  is  a pitot  static  pressure 
probe.  This  system  is  reported  to  be  more  accur- 
ate than  the  Signet.  The  Autotape  Model  DM-40  is 
an  automatic  positioning  system,  with  a transpon- 
der located  on  the  craft  and  two  responders  sta- 
tioned on  shore.  The  system  determines  and  re- 
cords the  ranges  between  the  transponder  and  the 
two  fixed  responders  as  a function  of  time,  from 
which  the  craft  position,  velocity  and  turning  rate 
can  be  determined.  The  calculated  velocity  shows 
a good  agreement  with  the  Autotape  tracking  re- 
sults. Beside  the  tracking  system  yaw  rate  infor- 
mation, the  craft  was  also  equipped  with  a rate 
gyro  to  monitor  the  yaw  rate.  Calculated  results 
of  yaw  rate  show  good  agreement  with  both  the 


measured  data  and  the  tracking  results. 

The  calculated  trajectory  is  compared  with  the 
tracking  data  and  shown  in  Figure  15.  It  is  noted 
that  there  is  a time  shift  of  13  seconds  between 
Figures  14  and  15,  as  the  tracking  system  started 
at  a later  time  as  shown  in  Figure  14.  While  the 
calculated  trajectory  is  slightly  different  from  the 
tracking  data,  it  is  believed  that  the  model  pro- 
vides sufficiently  accurate  prediction  of  the  turning 
diameter. 

6.  CONCLUSIONS 

Based  on  the  results  of  this  study,  it  is  clear  that 
the  analysis  of  SES  sidehulls  when  operating  on 
cushion,  can  be  adequately  represented  by  slender 
body  theory.  Certain  modifications  to  this  classi- 
cal theory,  however,  are  needed  in  order  to  en- 
hance the  correlations  with  experiment.  These 
modifications  stem  mainly  from  the  inclusions  of 
non-linear  cross-flow  drag  terms  and  cross  coup- 
ling effects  into  the  formulation. 

Application  of  this  theory  to  the  prediction  of  the  la- 
teral forces  and  moments  obtained  from  full  SES 
models  have  also  indicated  equally  good  agreement. 
These  correlations  have  been  extended  to  include 
oscillatory  tests  using  planar  motion  mechanisms. 
The  experience  gained  in  using  this  approach  in  the 
correlation  of  test  data  from  numerous  tests  have 
given  confidence  that  this  representation  is  indeed 
a valid  one.  It  can  be  stated  without  reservation 
that  within  normal  excursions  in  pitch,  yaw  and 
roll,  the  sidehull  hydrodynamic  coefficients  are 
well  represented  by  this  approach. 

From  the  experimental  results  obtained,  it  has 
further  been  shown  that  spray  drag  effects  are  sig- 
nificant in  the  design  of  SES  sidehulls.  This  drag 
contribution  can  be  as  much  as  30%  of  the  total 
sidehull  drag.  It  is  therefore  incumbent  on  the  de- 
signer to  assure  that  adequate  spray  control  devic- 
es are  incorporated  in  any  design. 

The  occurence  of  sidehull  ventilation  has  been 
shown  to  occur  under  certain  combinations  of  side- 
hull  trim,  yaw  and  immersion.  This  ventilation 
takes  the  form  of  a leading  edge  cavity  either  at- 
tached to  the  sidehull  or  in  the  form  of  a ventilated 
vortex.  In  either  instance  this  ventilation  could 
give  rise  to  added  air  leakage  or  interference  ef- 
fects with  the  waterjet  inlet  and  directional  stabili- 
zers. These  findings  however,  must  be  tempered 
by  the  fact  that  the  present  tests  were  conducted 
with  a single  sidehull  devoid  of  the  effects  of  the 
bow  seal  and  air  cushion.  In  addition,  since  the 
scaling  of  this  phenomenon  is  obscure,  the  full  im- 
pact of  ventilation  on  full-scale  sidehulls  is  at  best, 
speculative.  It  is  nevertheless  safe  to  say  that  un- 
der certain  circumstances,  ventilation  will  no 
doubt  occur. 

The  use  of  a water  tunnel  test  facility  for  conduct- 
ing sidehull  tests  of  this  nature  has  been  of  signifi- 
cance. It  has  afforded  a means  of  a controlled  test 
environment  in  which  the  forces  and  moments  on  a 
typical  sidehull  design  could  be  measured  with 
great  accuracy  in  order  to  correlate  them  with  the 
analytics.  Furthermore,  the  ability  for  excellent 
flow  visualization  and  photographic  coverage  has 
yielded  an  insight  into  some  of  the  flow  phenomena 
that  might  occur  in  actual  practice.  It  is  felt  that 
these  tests  have  given  some  confidence  in  file  ana- 
lytical methods  being  used  to  predict  SES  perfor- 
mance. 
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This  position  is  further  reinforced  by  the  excellent 
correlations  obtained  between  actual  maneuvering 
and  predictions  based  upon  the  above  methods. 

This  correlation  further  supports  the  view  that  the 
four  degree  of  freedom  simulation  for  turning  is  a 
reasonable  .pproach  for  analyzing  maneuvering 
and  turning  characteristics  of  such  craft.  The 
present  program  is  extremely  efficient  and  easy  to 
run  and  can  be  used  for  a variety  of  analyses  such 
as:  acceleration  and  deceleration  maneuvers, 
turning,  collision  avoidance,  and  the  performance 
of  alternative  turning  devices  and  directional  sta- 
bilizing systems.  It  must  again  be  emphasized  that 
this  program  is  in  no  way  intended  to  take  the 
place  of  more  complete  six  degree  of  freedom  si- 
mulations but  rather  to  supplement  them  as  a re- 
alistic design  tool  for  the  development  of  alternate 
designs  and  the  performance  of  trade-off  studies. 
The  results  obtained  to  date  with  this  program 
have  more  than  adequately  shown  that  these  objec- 
tives have  been  met. 
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APPENDIX  A:  SIDEWALL  HYDRODYNAMICS  IN 
A HORIZONTAL  PLANE 

A simple  derivation  of  the  hydrodynamic  forces 
moments  on  a sidehull  is  given  in  this  appendix. 

Inviscid  Hydrodynamic  Forces  and  Moments:  Let 
the  body  have  three-degree  of  freedom  motions  in 
a horizontal  plane.  If  v is  the  translatory  velocity 
of  the  body  in  sway  and  p and  r are  the  angular 
velocities  in  roll  and  yaw  respectively,  then  the 
total  apparent  velocity  at  a cross  flow  plane  is  gi- 
ven by: 

Vr=v  + ?r-fp  (A-l) 

in  which  f is  vertical  distance  of  the  center  of  fluid 
pressure  from  the  body  C.G.  Assuming  the  two- 
dimensional  sectional  added  mass  at  this  plane  is 
known  to  be  K5)>  then  the  kinetic  energy  of  a unit 
slice  of  the  fluid  can  be  written  as: 

T(S,t)=}p(S)V^(?)  (A-2) 


5.  Wade,  R.  *<  Wier,  T.W.,  "SES  Sidewall  Hy- 
drodynamic Investigations",  Report  # TC- 
334,  Tetra  Tech,  June  1973. 


Nelgecting  the  second  order  terms,  the  hydrodyna- 
mic forces  and  moments  acting  on  a unit  axial 
length  at  5 are  given  by: 


6.  Bertrand,  J.,  et  al,  "Low  Aspect  Ratio  Verti- 
cal Surface  Piercing  Hydrofoil  Theory",  Re- 
port # 73-21,  Dept,  of  Ocean  Eng.,  M.I.T., 
October  1973. 

7.  Comstock,  J.P.  (Editor),  Principles  of  Na- 
val Architecture.  The  Society  of  Naval  Ar- 
chitects  and  Marine  Engineers,  New  York, 
1968. 
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dt 
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dK  _ d_  aT  . 
d?  " ‘ dt  av  ’ 


dN  d . aT.  . aT. 

di  = - dt  <■ & 


(A-3) 


8 


Thwaites,  B.,  Incompressible  Aerodynamics 
Oxford  Uni v.  Printers,  i960. 


in  which  u is  the  axial  velocity  of  the  body.  The 
kinetic  energy  T at  a fixed  cross  flow  plane  is  a 
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function  of  5 and  time  t.  The  total  derivative  d/dt 
therefore  must  relfect  the  changing  coordinate  of 
the  croee  flow  plane  with  time.  Thus: 


JL.-L 

It  at 


Substituting  (A- 2)  into  (A-3).  carrying  out  the  dif- 
ferentiation, and  then  integrating  over  the  side- 
wall  length  gives  the  following  expressions  for  the 
force  and  moments: 


Y = -(v-ur)JV(S)dS 
-rjV(S)?d5 
+pjV(S)f(S)dS 
+ uvjW)  d? 

+ urfn'(5)5  d; 


-up 

jMS)f(S)Ns 

K =(v-u 

ir)|l45)  f(?)  d? 

p(S)f(S)  Sd? 

-fj 

P(S)f2<S)  d$ 

-uv 

t 

j[p(S)f(S)]'dS 

-ur 

J[n(S)  f(5)]'  5 d? 

+up 

f[u(S>  f2(!)]’d5 

N = -(v- 

■ur)Jp(  5)?  d$ 

P(5)5Zd? 

P(5)  «5)?  d? 

+UV 

m 

JV'(5)S  d? 

+ur' 

[p'(S)  5Zd? 

-up| 

f[p(S)  f(?)]'?d? 

(A -4) 


(A- 5) 


(A-6) 


The  Integrations  are  taken  over  the  length  of  both 
sidehulls  to  give  the  total  effect  on  the  craft.  The 
derivation  of  the  above  equations  has  assumed  that 
each  sldehull  is  a slender,  elongated  body  such 
that  the  interaction  between  adjacent  sections  is 
negligible. 

Cross  Flow  Drag:  The  cross  flow  drag  can  be 
cast  into  a standard  form  as: 

Drag=£pCds|vr|Vr 


S = Projected  area 
V r - Flow  Velocity 

The  coefficient  C . is  a function  of  geometry  and 
Reynolds  number?  it  can  generally  be  approxima- 
ted from  experimental  data  on  some  Idealized 
shapes.  Accordingly,  the  force  and  moment  com- 
ponents due  to  this  effect  on  a sldehull  are: 

Ydrag=lCd|d<5)|Vr|Vrd? 

Kdrag  = t CdJd<5)|Vr|Vr  £(?)  d? 

Ndrag=lCd{d(5)|Vr|Vr?  d? 

in  which  d(5)  is  the  local  sldehull  immersion  at 
station  ? . 

Axial  Drag:  The  axial  drag  on  the  sldehull  is  cal- 
culated  in  two  parts,  the  frictional  drag  and  the 
pressure  drag.  The  frictional  drag  can  be  expres- 
sed as  follows: 

Dragf=  icfPU2Sw 


where 


Cf  = Frictional  coefficient 
p = Fluid  density 

U = Craft  velocity 
Sw  = Wetted  surface  of  sldehull 

The  pressure  drag  can  be  expressed  by: 

Dra8p4CbPu2’Sb 

where 


"fb 


= Immersion  area  at  transom 

= 0.029/VCfh  . and 

= The  equivalent  frictional  coefficient,  based 
upon  the  immersed  area  S^,i.  e. : 


The  above  relation  holds  provided  the  transom 
base  is  not  fully  ventilated.  Reference  (17).  At  high 
speed  and/or  shallow  immersions  the  likelihood  of 
ventilation  is  almost  certain,  hence  the  pressure 
drag  coefficient  is  given  by: 


when  F,  = Froude  number  based  upon  the  transom 
immersion  = U/\/gI 

The  transition  from  fully  wetted  to  fully  ventila- 
ted regime  occurs  in  the  neighborhood  when  F.  a 
3.2,  based  upon  experimental  evidence  as  discus- 
sed in  Reference  (17). 

APPENDIX  B:  ANALYTICAL  EXPRESSIONS  OF 
THE  HYDRODYNAMIC  COEFFICIENTS  IN  THE 
EQUATIONS  OF  MOTION 


where 

Cd  = Drag  coefficient 


X. 

u 


-m 


1 


® IMcchE  1977 


366 


IV. 15 


rrij  = Added  mass  of  the  craft  in  surge 

H(?)  = Section  added  mass  of  sidewall  in  sway,  at 
station  5 

f{5)  = Vertical  distance  of  the  center  of  fluid  pres- 
sure, at  station  5»  from  the  craft  center  of 
gravity 

f = Integrated  average  of  f(5) 

The  Integration  is  taken  over  the  length  of  both 
sidehulls.  The  derivation  of  the  above  coefficients 
has  assumed  that  each  sldehull  is  a slender,  elon- 
gated body  such  that  the  Interaction  between  adja- 
cent sections  is  negligible.  The  added  inertia  in 
roll  for  each  sldehull  about  its  own  axis  is  neglec- 
ted, as  it  is  small  in  comparison  with  the  roll  ef- 
fect about  the  craft  centerline. 
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SES  model  sidehull  section  lines. 
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Fig  4:  Analytical  predictions  of  sidehull  drag  with  and 

without  spray  as  a function  of  immersion  ratio  at  a 
trim  of  0°  for  Froude  Numbers  of  1.06,  1.51  and 
2.04. 
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Fig.  2 : Diagrammatic  sketch  of  salient  dimensions  and 
reference  point  for  reduction  of  moments. 
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Pig  3 : Notation  and  sign  convention  used  for  forces  and 
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Fig . 5 : Variation  of  force  and  moment  coefficients  at  a 
function  of  yaw  angla  at  a trim  of  0°  for  an 
immersion  ratio  of  6.3  » 10-3  at  Froude  Numbers  of 
1.51  and  2.04. 
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IMMERSION  RATIO. 


Photographs  showing  the  flow  around  the  sidehull  at 
a trim  of  -1°  and  an  immersion  ratio  of  10.6  * 10  3 
for  a Froude  Number  of  1.51  and  yaw  angle  of  —3°. 
The  flow  around  the  sidehull  is  shown  in  the  top 
view  and  a close-up  of  the  leading  edge  area  is  shown 
in  the  centre  photograph.  The  last  photograph  is  a 
view  looking  up  at  the  keel.  Leading  edge  vortex  type 
ventilation  is  observed  just  below  the  keel  line  in 
these  photographs. 


IMMERSION  RATIO. 


Variation  of  force  and  moment  coefficients  as  a 
function  of  immersion  ratio  at  a trim  of  0°  for  Froude 
Numbers  of  1.5  and  2.04. 


Photographs  of  the  flow  around  the  sidehull  at  a trim 
of  -2°  and  an  immersion  ratio  of  21.2  « 21.2  « 10  3 
for  a Froude  Number  of  1.51  and  yaw  angle  of  -3°. 
The  top  and  centre  photographs  show  a side  and 
bottom  view  of  the  flow  around  the  sidehull  and  the 
bottom  photograph  is  a view  looking  from  the 
opposite  side  of  the  tunnel.  The  flow  in  this  later  case 
is  from  left  to  right.  These  photographs  show  an 
attached  ventilation  cavity  at  the  leading  edge  of  the 
sidehull. 


Photograph  illustrating  the  flow  around  the  sidehull 
at  a trim  of  *1°  and  an  immersion  ratio  of  10.6  » 
10-3  for  a Froude  Number  of  1.51.  From  top  to 
bottom  the  sequence  of  photographs  shows  the  flow 
at  yaw  angles  of  *4°,  0°,  -4°,  respectively.  The  flow 
is  from  right  to  left. 


THE  EFFECT  OF  AIR  COMPRESSIBILITY  ON  THE 
NONLINEAR  MOTION  OF  AN  AIR-CUSHION  VEHICLE 
OVER  WAVES 


L J DOC  TORS 

School  of  Mechanical  and  Industrial  Engineering. 
University  of  New  South  Wales. 

Kensington.  NSW.  Australia 


SYNOPSIS 

The  nonlinear  behavior  of  an  aii -cushion  vehicle  (ACV)  during  coupled  heave  and  pitch  motion  over  a sinu- 
soidal water  wave  is  studied.  The  compressibility  of  the  air  flow  within  the  vehicle  is  considered  in 
addition  to  the  previously-studied  effect  of  the  waves  generated  by  the  pressure  distribution  under  the 
craft. 

The  ACV  studied  is  of  the  plenum- chamber  type  with  a transverse  stability  skirt.  Linearized  potential- 
flow  theory  is  used  to  compute  the  waves  generated  by  the  craft.  The  effect  of  compressibility  is  assumed 
to  occur  principally  in  an  accumulation  of  the  air  within  the  vehicle  compartments . 

Numerical  computations  were  made  to  determine  the  response  of  a typical  ACV  to  regular  head  waves.  Non- 
linearity with  respect  to  wave  height  is  particularly  evident  at  a Froude  number  of  1.5  and  a dimensionless 
encounter  frequency  of  9.  For  the  same  conditions,  the  heave  and  pitch  motions  were  reduced  by  up  to  20% 
from  the  hydrodynamic  effect.  However,  the  motion  could  be  increased  by  50%  or  more  for  a craft  of  length 
40  m,  when  compressibility  was  accounted  for. 


NOMENCLATURE 


A * discharge  area 
B = craft  beam  measured  at  skirt 
c * forward  velocity  of  craft 
C = coefficient 

e * skirt  hem  clearance 
F = Froude  number  = c//gL 
g = acceleration  of  gravity 
h = height 

I = second  moment  of  craft  mass  about  transverse 

axis  through  the  center  of  gravity 

k = wavenumber 

kg  = fundamental  wavenumber  = g/c2 
£ = distance  measured  around  skirt  hem 

L = length  of  craft  measured  at  skirt  hem 
m = mass  of  craft 

M * moment 

N = number  of  terms  in  the  Fourier  series  used  to 
represent  the  cushion  pressure 
p = pressure  (gauge) 

Q = volume  flow 
R = reaction 

5 = cushion  planform  area 

t = time 

V = cushion  volume 

w,  u=  longitudinal  and  transverse  wavenumbers 

x,  y=  right-handed  orthogonal  system,  with  x in  the 

6 z forward  direction,  and  z vertically  upwards. 

Craft  position  relative  to  datum  also  given 
by  x and  z 

a = local  wave  slope,  or  amplitude  of  wave  slope 
3 = angle  between  skirt  hem  and  x axis,  as  seen 
in  plan  view,  i.e.  cos  3 s dx/d£ 
e = longitudinal  position  of  transverse  skirt, 
ahead  of  midpoint,  as  a fraction  of  L 
C - free-surface  elevation  induced  by  the  pressure 
n = skirt-force  deflection  constant 
0 ■ craft  pitch  angle,  or  wave  angle 


A » A q oos  0 

Aq  s speed- frequency  parameter  = 4oc/g 
P = coefficient  of  friction  between  skirt  and  the 
operating  surface,  or  Rayleigh  viscosity 
p » density  (of  water,  if  unsubs cripted) 

0 = radian  frequency  of  pressure  distribution 

<t>  = potential  function  (fluid  perturbation  velo- 

city being  its  positive  gradient) 
u>  = wave-encounter  radian  frequency 

Subscripts 

a = air,  or  atmospheric  condition 
c = in-phase  (cosine)  component 
d = discharge 
e = escape 
f = fan 

g = center  of  gravity 
h =*  horizontal 

1 = inlet 

k = skirt 

rms=  root  mean  square 
r = craft 

s = out-of-phase  (sine)  component 
v = vertical 
w * wave 

C = induced  by  pressure  acting  on  water  surface 
1,2*  forward,  aft  and  stability  regions  respec- 
& 3 tively 

Superscripts 

- = average 

• = 3/3 1 

* - indicates  a variable  related  to  its  mean  value 

during  the  craft  motion,  divided  by  and 
nondimens ionali zed  with  L,  g and  p.  However , 
craft  pitch  angle  is  divided  by  c^,  instead. 
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INTRODUCTION 


Previous  Work 


Experimental  Research.  The  study  of  the  motion  of 
model  air-cushion  vehicles  (ACVs)  has  been  carried 
out  by  many  workers.  For  example,  Swaan  and  Wahab 
(1)  used  a peripheral- jet  model,  and  tested  it  both 
with,  and  without,  flexible  skirts  in  a towing  tank 
over  regular  waves  travelling  in  different  direc- 
tions relative  to  the  model.  The  model  exhibited 
high  damping  in  pitch  and  also  some  nonlinearity  in 
that  the  response  was  not  precisely  proportional  to 
the  wave  height. 

Dyne  (?)  tested  a model  whose  cushion  was  compart- 
mented  into  six  sections.  It  was  excited  on  a flat 
surface  and  the  dancing  factors  in  heave  and  pitch 
were  found  to  be  in  agreement  with  his  theory.  Pre- 
dictions were  then  made  for  the  motion  of  the  model 
over  a regular  wave . 

Van  den  Brug  and  Van  Staveren  (3  and  4)  tested  what 
was  essentially  a plenum-chamber  design.  The  coef- 
ficients in  the  linearized  equations  of  motion  were 
determined  through  forced  oscillation  tests  in  heave, 
pitch  and  roll  above  ground  without  forward  motion, 
and  above  water  with  forward  motion.  The  above- 
mentioned  coefficients  were  found  to  vary  with  the 
model  speed.  Furthermore,  the  added  mass  of  the 
water  was  found  to  be  negative  - in  contrast  with  a 
ship. 

The  practical  operation  of  ACVs  in  waves  is  due  en- 
tirely to  the  development  of  the  flexible  skirt,  and 
a review  of  the  history  of  this  work  was  given  by 
Stanton-Jones  (5) . Some  of  the  results  that  he  quo- 
ted indicated  a heave  damping  ratio  of  about  0.5  and 
a pitch  damping  ratio  of  0.25.  These  refer  to  a 
skirted  annular- jet  model  of  the  SRN5.  The  craft, 
when  fitted  with  a finger  skirt  exhibited  a damping 
ratio  of  about  0.75  - resulting  in  improved  ride 
characteristics.  The  model  measurements  also  show- 
ed that  the  response  per  unit  of  wave  height  was 
less  for  higher  waves,  and  this  would  be  a measure 
of  the  system  nonlinearity. 

More  recently,  tests  have  been  carried  out  on  full- 
size  craft,  or  specially  built  manned  testcraft. 

For  example,  Fein,  Magnuson  and  Moran  (6)  and  Magnu- 
son  (7)  measured  the  response  of  a BH.7  hovercraft 
(whose  cushion  length  is  20.4  m)  in  head,  following 
and  beam  seas  . The  curves  of  response  versus  en- 
counter frequency,  for  heave,  pitch  and  roll,  indi- 
cated resonances  with  large  amounts  of  damping.  For 
head  seas,  the  heave  resonance  occurred  at  a frequ- 
ency of  about  2.2  rad/s  and  the  pitch  resonance  at 
2.0  rad/s,  with  the  craft  travelling  at  52  kt. 

Tests  in  twodimensional  seas  have  been  carried  out 
by  Magnuson  and  Wolff  (8  and  9)  on  a model  surface- 
effect  ship  (SES  - an  ACV  with  sidewalls).  The  in- 
vestigation was  performed  as  part  of  a program  on 
high  length- to-beam  ratio  craft.  Tne  model  was 
4.22  m long  and  had  a length- to-beam  ratio  of  6.54. 
When  run  in  regular  head  waves,  the  model  exhibited 
a natural  pitching  frequency  of  approximately  5 rad/s 
for  Froude  numbers  between  0.72  and  1.20.  It  was 
found  that  although  the  response  was  nearly  linear 
with  respect  to  wave  height,  nonlinearity  in  the 
heave  motion  revealed  itself  near  the  pitch  natural 
frequency  referred  to  above.  The  heave  acceleration 
response  tended  to  be  more  nonlinear  still. 

Other  forms  of  test  - such  as  finding  the  response 
of  an  amphibious  ACV  to  various  types  of  steps  in 


the  terrain,  when  travelling  over  land  - have  been 
performed  by  Moran,  Pemberton  and  Knight  (10).  ,For 
example,  the  heave  and  pitch  natural  frequencies, 
at  zero  forward  speed,  of  a 2.03  m model  of  the 
JEFF-B  amphibious  assault  landing  craft  were  24.2 
and  11.6  rad/s,  respectively,  for  tne  loading  con- 
dition tested. 

Theoretical  Work.  The  dynamic  heave  and  pitch  mo- 
tion of  an  unskirted  annular- jet  craft  fitted  with 
a transverse  stability  jet  was  computed  by  Lin  (11) . 
The  linearized  equations  of  motion  predicted,  in 
particular,  the  natural  frequencies  and  general  mag- 
nitudes of  the  heave  and  pitch  motion  quite  well. 
Walker  (12)  examined  the  stability  of  both  plenum- 
chamber  and  annular- jet  ACVs  but,  also,  oonsidered 
the  influence  of  Can  and  ducting  characteristics. 

Fan  characteristics  that  produced  unstable  heave 
motions  were  deduced  from  his  theory.  Ozawa  (13), 
like  Walker,  considered  simple  static  and  dynamic 
heaving  motion  for  a peripheral- jet  ACV  and  derived 
the  appropriate  spring  constants  which  he  then  ap- 
plied to  the  linear  heave  motion  resulting  from  a 
sinusoidal  input. 

Empirical  approaches  as  well  as  theoretical  ones 
were  described  by  Hogben  (14)  for  the  two  types  of 
craft.  The  heaving  response  of  a plenum-chamber 
ACV  moving  over  regular  waves  was  studied  by  Rey- 
nolds (15) , and  later  extended  to  include  pitching 
by  Reynolds,  West  and  Brooks  (16).  The  vehicle 
they  considered  is  shown  in  Fig.  1.  The  craft  has 
a fan  feeding  an  intermediate  chamber  - correspon- 
ding to  the  ducting  and  flexible  supply  bag  utilized 
by  many  ACVs.  The  cushion  is  divided  into  forward 
and  aft  compartments  by  a transverse  stability  skirt, 
as  shown.  The  incompressible  Bernoulli  equation 
was  used  and  all  the  equations  were  linearized  about 
the  equilibrium  condition. 

It  is  considered  that  the  linearization  technique  is 
somewhat  invalidated  in  this  case  due  to  the  very 
small  daylight  clearance  under  the  skirt.  Even  a 
very  small  motion  will  cause  skirt  deflection,  which 
is  necessarily  ignored  by  the  linearization.  One 
must  also  be  concerned  about  attempting  to  linearize 
the  equation  for  the  flow  under  the  stability  skirt. 
Due  to  the  usual  pressure-versus-f low  relationship 
for  an  orifice  (a  square  relationship) , one  cannot 
linearize  this  equation  unless  there  is' a substan- 
tial cross  flow  in  the  equilibrium  situation  - and 
this  is  not  normally  the  case. 

Compressibility ■ It  has  been  recognized  that  the 
compressibility  of  the  air  within  the  ACV  might  play 
a role  in  determining  its  motion  at  high  encounter 
frequencies . Many  workers  have  therefore  included 
this  effect  but  only  in  terms  of  the  time-rate-of- 
change  of  density.  Thus  accumulation  (or  depletion) 
of  the  actual  mass  of  air  in  the  system,  during  the 
motion  cycle,  was  considered.  It  appears  that 
Mach-number  effects  have  not  been  considered  at  all, 
due  to  the  maximum  velocity  of  the  air  being  less 
than  80  m/s  in  most  cases. 

Linearized  treatments  of  compressibility  have  been 
produced  by  Foss  (17),  Kaplan  and  Davis  (18)  and 
Lavis,  Bartholomew  and  Jones  (19).  The  latter  two 
papers  showed  that  the  effect  of  compressibility  is 
to  increase  the  craft  motion.  Thus  a model  ACV 
operating  in  an  unsealed  atmosphere  will  give  non- 
conservative motion  predictions.  Kaplan,  Schneider 
and  Goodman  (20)  have  also  examined  this  problem, 
while  Yamamoto  (21)  restricted  his  attention  to  pure 
nonlinear  heaving  motion  of  a plenum-chamber  ACV. 

The  act  of  linearization  appears  to  be  justified  in 
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the  work  of  Leatherwood,  Dixon  and  Stephens  (22), 
Guienne  (23) , Leatherwood  (24)  and  Genin,  Ginsberg 
and  Ting  (25) , since  their  main  interest  lies  in  the 
application  to  high-speed  tracked  ACVs,  where  no  con- 
tact with  the  track  will  be  permitted. 

Bickford  and  Olson  (26)  analyzed  the  coupled  heave 
and  pitch  motion  of  a multiple-skirt  ACV  using  an 
analog  computer. 

Nonlinearity.  The  abovemen tioned  objections  to  line- 
arized theory  were  considered  by  Doctors  (27) , who 
used  the  various  nonlinear  equations  describing  the 
air  flow.  The  effects  of  skirt  contact  with  the 
wave  surface  were  also  modelled.  This  was  found  to 
be  of  major  importance  in  terms  of  affecting  the  air 
flow.  The  forces  developed  on  the  skirt  itself 
were  shown  to  be  small. 


sional  timewise  harmonically  varying  pressure  patch 
travelling  at  a constant  speed  over  deep  water,  and 
applied  the  results  to  the  periodic  motion  of  an 
ACV.  The  hydrodynamic  influence  is  felt  through 
the  alteration  of  the  air  gap  under  the  skirt  due 
to  the  water  deflection  and  a change  in  the  effec- 
tive flux  balance  of  air  in  the  cushion. 

His  induced  free-surface  elevation  calculations  in- 
deed showed  the  singularity  to  be  expected  at  the 
critical  value  of  Xq  , and  consequently  the  ACV  mo- 
tion calculations  were  centered  on  a low  Froude  num- 
ber, F = c/SqL  f of  0.5,  where  L is  the  craft 
length.  The  dimensionless  encounter  frequency, 
u/ L/g  should  then  be  equal  to  0.5  at  the  critical 
condition  Xq  = 1.  Surprisingly,  no  singularity, 
or  even  a peak,  was  exhibited  in  the  craft  motion  at 
that  frequency. 


At  low  encounter  frequencies,  the  predicted  motion 
was  almost  linear  - the  pitch  and  heave  amplitudes 
being  proportional  to  the  wave  height.  At  some  of 
the  higher  frequencies,  the  heave  motion  per  unit 
wave  height  fell  with  increasing  wave  height,  in  con- 
firmation of  the  previously-mentioned  results  repor- 
ted by  Stanton-Jones . The  pitch  motion  per  unit 
wave  slope  was  found  sometimes  to  increase  and  some- 
times to  decrease  with  increasing  wave  height,  depen- 
ding on  the  encounter  frequency  and  Froude  number. 

At  low  values  of  the  wave  height,  the  pitch  motion 
was  found  to  be  very  nonlinear. 

The  dynamics  of  the  fan,  engine  and  transmission 
system  were  incorporated  by  Schneider  and  Kaplan 
(28) . The  effects  they  considered  were  the  inertias 
of  the  various  components  as  well  as  the  engine  res- 
ponse to  its  load  and  throttle  control. 

Other  aspects  of  ACV  motion  in  waves,  including  the 
effect  of  air  compressibility,  were  examined  by  Bres- 
lin  (29),  Richardson  (30)  and  Trillo  (31). 


Nevertheless,  at  a dimensionless  frequency  of  3,  the 
heave  motion  was  found  to  be  increased  by  up  to  ten 
percent  by  the  deflection  of  the  water.  The  pitch 
motion  could  be  increased  by  up  to  one  third.  A 
linearized  heave  analysis  was  also  done  and  this  in- 
dicated an  effective  negative  added  mass  of  44%  of 
the  craft  mass  at  u>/L/g  = 3,  thus  correlating  with 
results  of  Van  den  Brug  and  Van  Staveren. 

The  hydromechanical  coupling  was  also  considered  by 
Breslin  (40)  for  a twodimensional  craft.  Even  with 
the  equations  of  motion  linearized,  he  predicted  a 
large  influence  from  the  water. 

Measurements  of  the  water  surface  resulting  from  a 
harmonic  disturbance  have  been  made  by  Moran  (41 
and  42).  These  showed  some  interesting  trends. 
Unfortunately,  the  model  tested  did  not  correspond 
to  the  theoretical  work  above , so  that  a direct  com- 
parison cannot  be  made. 

Present  Work 


Hydrodynamic  Influence.  The  ACV  makes  its  presence 
felt  on  the  water  surface  by  means  of  the  pressure 
distribution  created  by  the  air  cushion.  As  a start, 
one  can  consider  periodic  coupled  heave  and  pitch 
motion  of  angular  speed  w , over  regular  waves,  and 
then  decompose  the  pressure  into  its  timewise  Fourier 
series.  It  is  a good  approximation  to  linearize 
the  hydrodynamic  problem  because  of  the  low  typical 
values  of  the  water  depression  caused  by  the  cushion 
compared  to,  say,  the  craft  length. 


The  object  of  this  paper  is  to  extend  the  previous 
work  of  the  writer  to  higher  Froude  numbers  and 
encounter  frequencies  which  will  therefore  be  far 
above  the  critical  value  of  Xq  . Furthermore,  the 
effect  of  compressibility  of  the  air  within  the 
cushion  will  be  considered.  In  line  with  previous 
workers,  a first  approximation  to  this  effect  will 
be  obtained  by  including  only  the  accumulation  term 
in  the  continuity  equations  of  the  three  volumes 
seen  in  Fig.  1. 


Thus  one  can  consider  a simple  harmonic  timewise 
pressure  variation  of  radian  frequency  o , travelling 
at  various  speeds  of  advance  c . The  linearized 
inviscid  solution  for  this  problem,  or  for  say  an 
oscillating  source  (given  by  Wehausen  and  Laitone 
(32),  and  others),  is  known  to  have  a singularity 
when  the  parameter  Xq  = 4oc/g  * 1 , g being  the 
acceleration  due  to  gravity. 


Although  the  Mach-number  effect  will  be  ignored,  it 
is  not  entirely  obvious  that  the  procedure  should 
be  correct  in  any  but  a linear  theory.  The  various 
flow  velocities  can  all  typically  change  in  sign. 

Considering  this  and  the  nature  of  the  balance  of 
the  continuity  equations,  one  might* indeed  have  to 
model  more  precisely  the  equations  of  air  flow. 


Consequently,  the  theoretical  motion  of  a ship,  com- 
puted by  Havelock  (33),  Newman  (34)  and  others  is 
found  to  be  unbounded  at  this  condition. 

Returning  to  the  problem  of  the  pressure  distribution, 
this  has  been  examined  in  two  dimensions  by  Kaplan  (35), 
Wu  (36)  and  Debnath  (37)  - the  latter  paper  extending 
the  results  to  finite  depth,  which  alters  the  criti- 
cal value  of  Xq  • Ogilvie  (38)  included  sidewalls 
to  limit  physically  the  pressure  and  thus  modelled 
a pneumatic  wave  generator,  and  also  a captured  air 
bubble  ACV. 


HYDRODYNAMIC  REPRESENTATION 
The  Velocity  Potential 

We  make  use  of  a coordinate  system  x,y,z  moving 
with  the  pressure,  with  x in  the  direction  of  mo- 
tion and  z measured  vertically  from  the  undistur- 
bed free  surface.  Under  the  usual  assumptions  of 
linearized  potential  flow  (see  Stoker  (43)),  the 
potential,  $ , satisfies  the  Laplace  equation. 


Doctors  (39)  extended  Wu's  results  to  a threedimen- 
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the  kinematic  free-surface  condition, 

<p  - + c;  = 0 on  z=0, 

Z >t  X 

and  the  dynamic  free-surface  condition, 


or 

(2) 


A 


i(o  - cw) P 

p(cw  ♦ - o ♦ ip)  (cw  - /gk  - o ♦ iu) 


-JLPL  + 

2ip  wj 


ill) 


<J>t  - c$x  + + P/P  ♦ 95  = 0 on  z = 0 . (3) 

Here  £ is  the  free-surface  elevation  and  p is  the 
water  density.  The  radiation  condition  is  satisfied 
by  employing  the  Rayleigh  viscosity  u , which  is  made 
to  approach  zero  from  the  positive  direction  at  a 
later  stage.  Discussion  of  this  technique  is  given 
by  De  Prima  and  Wu  (44) , for  example.  Its  purpose 
is  to  determine  the  path  of  integration  which  has  to 
be  deformed  in  order  to  go  around  the  two  or  four 
poles  that  occur  in  the  wavenumber  integral.  One 
last  condition  is  obtained  by  assuming  the  water  to 
be  infinitely  deep: 

<J>z  = 0onz  = -«.  (4) 

Although  the  solution  was  previously  obtained  by 
setting  up  an  initial  value  problem,  it  is  in  fact 
easier*  to  write  the  pressure  as 


where  = cw  ♦ /gk  - o •*  iu  (12) 

u>2 

and  p is  the  Fourier  transform  of  p . 

Now  we  take  the  inverse  transform: 

71  °° 

$ (x,y ,z, t)  - Real  ||  p'ds'  j d0  j dk 

-It  0 (13) 

k — + — exp  [i  {w(x  - x' ) + u(y-y')  + kz  + ot}] 

L“1  w2  J 

The  problem  of  taking  the  real  part  of  this  expres- 
sion can  be  avoided  by  simply  adding  to  it  the  for- 
mula when  the  sign  of  o is  changed  and  then  halving 
the  sum.  This  result  for  <f>  will  then  be  purely 
real. 


p(x,y)  = p (x,y)  ei0t  (5) 

and  the  potential  as 

<p  (x,y  ,z)  = <f>  (x,y  ,z)  eiot  , (6) 

where  the  real  parts  only  are  required. 

Eqs  (2)  and  (3)  are  combined  in  order  to  eliminate  £: 

♦tt  + c2*xx  " 2c*xt  + 9*z  + “‘♦t  - CV  = 


Free-Surface  Elevation 

The  height  of  the  free  surface  is  given  by  Eq.  (3). 
We  substitute  the  potential  from  Eq.  (13)  and  sim- 
plify the  result  using  Eq.  (12) : 

TT  oo 

c " 1^7?  f p'  ds'  f sec2®  de  ( 


k*expli{w(x  - x')  + u(y  - y * ) } ] - 


(14) 


= (cq>x  - Pt)/p  on  z = 0 . 

(7) 

r iot  i 

.r e J 

*4  + e'iot  J 

kg 

-M  1 

l_k  l“k2  1 

k-k!  k-k 2J  k3-k4  ] 

k-k4J  J 

To  obtain  c|>  , we  utilize  the  Fourier  transform  pair: 


and 


Here  w and  u are  the  longitudinal  and  transverse 
wavenumbers,  respectively,  and  are  related  to  the 
(circular)  wavenumber  k and  the  wave  angle  0 by 

i6 


w + i u = k e 


(9) 


The  four  poles  in  the  k integral  are  given  by 


dxdy 

k2  = Sec2® 

(/l  + X + l)2 

(8) 

and 

k4  * 4*k0  sec20 

(1  + /I  - X)2 

dwdu. 

where 

k0  * g/c2  , 

and 

4 0 C 

X = — * COS  e 

q 

= Aq  cos  0 . 

(15) 


(16) 


If  Xq  > 1 , then  for  part  of  the  6 integration, 
namely  0 < 0 < 0j,  where 


cos  0i  = 1/Aq 


(17) 


The  solution  to  Eqs  (1)  and  (4)  is 

t - A(w,u; t)  ekZ  (10) 

which  may  be  substituted  into  the  transformed  free- 
surface  condition  (7)  to  give 

A [-02  - c2*2  + 2 c o w + g k + ip(o  - cw)]  = 

= i(c  w - o )P/p 

* The  writer  is  grateful  to  Prof.  J.  N.  Newman  of 
Massachusetts  Institute  of  Technology  for  pointing 
this  out. 


the  two  poles  k3  and  k4  are  complex  conjugate 
and  the  k integration  can  proceed  along  the  real 
axis.  For  A < 1 , one  must  deflect  the  path  be- 
low the  pole  k3  and  above  the  pole  k^  . (This 
may  be  seen  by  examining  the  zeroes  of  Eq.  (12)  for 
very  small  and  positive  u .)  For  all  values  of  X , 
the  path  must  be  deflected  above  the  poles  at  k; 
and  k2  . 

We  now  reduce  the  range  of  the  0 integration  to 
0 < 0 < x/2  making  use  of  the  even  and  odd  proper- 
ties of  the  trigonometric  functions  to  gi  9 

C ■ C cosot  •:  t sinot  , (18) 

c s 
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where 
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r2pg  J J 21  /1+TT  k - k 
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2wpg  } d6  [ W4j  ✓ 1 +\  kj 
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and 


=-X  for  j = 3 and  4 , 


U = P cos  wx  cos  uy  + P sin  wx  sin  uy  + 
e o 

+ sin  wx  cos  uy  + cos  wx  sin  uy , 


V = P sin  wx  cos  uy  - P cos  wx  sin  uy  - 
e o 

- Qe  cos  wx  cos  uy  + sin  wx  sin  uy  , 


(22) 


(23) 


and 


II  ",- 

II  f0" 


. cos . . cos . . 

y)  sin  WX  sin  uy  ** 


(24) 


. sin.  . cos.  . 
y)  (wx)  . (uy)  dS  . 
cos  sin 


iliary  functions  (see  Abramowitz  and  Stegun  (45)): 

OD 

f ei,: 


g(z)  + i f(z) 


dt  . 


(26) 


The  results  for  the  in-phase  and  out-of-phase  com- 
ponents of  the  free-surface  elevation  are 

4 »/2 

Cc  ' 4^7  III  I J sec  e cosec  6 • 

£,m,n=»l  j»l  1 


[p,j(9^  “ *s  ) + u tvns  J de 


vnv  V 

4 

Cs  = HI  l sec  f,  cosec 


and 


(27) 
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P . 
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1, 
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n_ 

2D 

(20) 
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P . 
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1, 

-1, 
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, -1, 

3D 

in  which 

and 

= 

1. 

-If 

1, 

, 1 

for 

j = 1 

to 

4 
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4D 

respectively , 

f.  = 

0 . 

D 

= 

0 

for 

j 

= 1 

and  2 

for 

all 

A0 

D 

* 

= 

0 

for 

j 

= 3 

and  4 

for 

A0 

< 1 

(21) 
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= 3 
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A0 
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1 

= 

X 

for 

j 

= 1 

and  2 

D 
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(28) 


j’ 

rk,  | , 

] 1 

A3l  ' 

kk.|  , 

and  v = sgn(r)  , 

where  r = (a  + £ x)  cos  0 + n(b  + my)  sin  6 


The  terms  with  the  sign  coefficient  P33  , u31)  , U43 
and  U44  are  all  understood  to  be  omitted  when 
0 <0j  , given  by  Eq.  (17) . 

By  allowing  o to  approach  zero,  one  may  recover  the 
case  of  a nonvarying  pressure.  We  use  the  two  lim- 
its : 

f (z)  •*  1 and  g(z)  -*■  - Y - In  (z)  as  z->0,  (29) 

Y being  the  Euler  constant.  The  final  result  is 
n/2 


*C  2 IT 


ft?  in  I 

* £,m,n=±l  ‘ 


sec  0 cosec  0 • 


(30) 


(The  subscripts  on  U and  V in  Eq.  (19)  refer  to 
the  four  poles.) 


•n[-  g0  + tt  ( 1 — £v ) s0  - Lq)  d0 

and  i = 0 . 
s 


If  one  considers  a pressure  of  constant  value  pq 
acting  on  a rectangular  area  defined  by  |x[  < a 
and  | y | < b , the  computation  is  greatly  simplified 

since 


sin  aw  sin  bu 

P = 4 pn 

e 0 w u 


(25) 


and  P ”0  - Q = 0 . 

o e o 

The  free-surface  response  given  by  Eq.  (19)  can  now 
be  obtained  using  the  rules  for  combining  products 
of  trigonometric  functions.  The  k integrals  are 
then  written  in  terms  of  the  cosine-  and  sine-  aux- 


(Ihe  zero  subscript  refers  to  a function  argument 
with  k » ko  and  L ■ ln|rk|).  The  logarithm 
term  can  be  shown  to  produce  the  free-surface  de- 
formation due  to  the  hydrostatic  effect  of  the  pres- 
sure alone. 

Induced  Free-Surface  Escape  Areas  and  Volumes 

The  escape  areas  under  the  skirt  are  affected  by 
the  water  deformation.  If  one  chose  to  use  a lin- 
ear theory  then  the  induced  escape  area  is  required  - 
rather  than  the  elevation  of  the  surface  itself. 

The  code  numbers  of  the  areas  are  shewn  in  Fig.  2. 
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Thus  the  escape  areas  corresponding  to  sides  1,  2 
and  3 are  obtained  by  an  integration  of  Eq.  (27)  with 
respect  to  x . This  requires  the  formulas 


j sgn(z)  f|z|  dz  « g|z|  ♦ ln|z| 


and 


g|z|  dz  = sgn(z)  [j  - f|z|] 


(31) 


Numerical  Evaluation 


The  details  of  the  numerical  evaluation  of  Eqs  (27) , 
(30),  (33)  and  (35)  are  given  in  Doctors  (39). 
Computations  were  made  for  1q  ■ 0 (6)  72  which,  for 
a Froude  number  of  1.5,  corresponds  to  o/L/g  * 

0 (1)  12  . 

The  change  of  variable  given  by 


The  result  applicable  to  these  three  sides  is 


6'  - sin  8/cos2 8 


A = A,  cosot  + A,  sinot  , 
C Cc  Cs 


(32) 


where 
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Cc  2ff 


4 "/2 

III  l [ sec20  oosec  0* 
U9  i , 1 , n=± 1 j=l  > 


'i iyfVv.  - f j - j)  - 

and 

4 

ACs  = 2$^  III  I sec20  cosec  0* 
;s  Pg  i , f , n=± 1 j-1  J 


(33) 


‘k~7TTT~  [p2j(9j  + Lj  ' "s  .)  + ^.ivts.]  d0  . 

(The  changes  made  in  the  notation  used  in  Eq.  (33) 
are : 


my  = b , x = x^  , 

where  Xj  and  X2  are  the  endpoints  of  the  interval 
under  consideration.) 


was  made  as  before . For  the  above  range  of  para- 
meters, it  was  found  suitable  to  truncate  the  inte- 
gral at  8'  • 128  and  to  use  512  points.  Since 
Ao  * 1 for  all  but  the  first  case,  the  terms  cor- 
responding to  the  kj  and  k4  poles  become  complex 
but  combine  to  give  a real  result  which  has  to  be 
left  in  the  form  of  the  original  integral  with  res- 
pect to  k . This  integral  was  truncated  at  ka  - 8 , 
and  32  points  were  used  in  its  evaluation.  Trial 
calculations  showed  that  these  computing  parameters 
lead  to  an  error  of  2 or  3* . 

Results 


For  brevity,  the  induced  free-surface  elevations 
themselves  are  not  shown  here.  However,  the  areas 
appear  in  Fig.  3a  and  3b,  and  the  volumes  in  Fig.  4. 

Both  the  in-phase  and  the  out-of-phase  components 
of  areas  1 , 4 and  5 are  somewhat  larger  than  the 
rest.  This  is  not  surprising  considering  their  re- 
lative location  to  the  pressure  patch  (hatched  in 
Fig.  2) . It  is  also  not  clear  that  they  approach 
zero  with  any  great  rapidity  as  Aq  becomes  large. 
Thus  the  water  compliance  effect  appears  to  be  im- 
portant at  higher  frequencies  - as  well  as  the  low 
ones  previously  studied. 


The  areas  along  sides  numbered  4 to  7 are  obtained 
by  integrating  Eq.  (27)  with  respect  to  y . The 
result  is  the  same  as  that  in  Eq.  (33) , but  with  the 
"i"  summation  replaced  by  an  "m"  summation,  and  with 
an  additional  factor  "iimcotB"  placed  inside  the 
integral.  The  expression  for  r is  now  given  by 
Eq.  (28)  with  x = Xi  (the  longitudinal  coordinate 
of  the  transverse  side)  and  with  y = b . 

The  volume  above  the  datum  plane  and  below  the  free 
surface  results  from  integrating  Eq.  (33)  with  res- 
pect to  y over  the  range  “b  y <_  b . We  obtain 


On  the  other  hand,  areas  2,  3,  6 and  7 do  in  fact 
seem  to  show  a general  decay  towards  zero  at  higher 
frequencies . 

The  induced  volumes  in  ’ig.  4 also  indicate  values 
of  similar  magnitude  to  those  previously  computed 
at  a smaller  Froude  number  and  lower  frequencies. 
This  is  particularly  so  for  volume  1,  not  surpri- 
singly. 


APPLICATION  TO  ACV  MOTION 


V = V,  cosot  + V sinot 
C Cc  Cs 


where 

V 


(34) 
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iim 


•iTVl  '♦  \ tw2jlv(xcj  - f . ♦ MjLj  - -)  - P4jl»Cj]  d0  , 

in  which  Mj  - |rkj|  and  r is  given  by  Eq.  (28), 
but  with  y - b and  x - x^  . The  induced  fluxes  are 


Q.  * (ov  ) cosot  + (-OV  ) sinot  . 
C Cs  Cc 


(36) 


Theoretical  Model 

The  craft  considered  is  shown  in  Fig.  1.  We  exam- 
ine only  the  heave  and  pitch  motion,  z and  0 . The 
air  from  the  lift  fan  discharges  into  an  intermedi- 
ate chamber  of  volume  V;  , and  then  feeds  the  two 
cushions  through  the  inlet  areas  A^j  and  A^2  < res- 
pectively . 

The  characteristic  of  the  fan  and  the  intermediate 
chamber  is  represented  by 


"fl 


+ Cf2°  + C-C 


f 3 ’ 


(37) 


where  Q is  the  inlet  flow  and  the  Cf  are  constants 
which  depend  on  the  fan  and  duct  types  as  well  as 
the  speed  setting  of  the  fan. 

Volume  Flow  Terms 


Assuming  that  the  changes  in  air  density  are  small, 
then  the  fan  flow  is  given  by 

0 “ 2il  + °i2  * Vf/Pa  « (38) 
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where  the  are  the  two  inlet  flows  to  the  cushion, 
Pf  is  the  density  of  the  air  in  the  fan  chamber, 
and  pa  is  atmospheric  density. 

The  cushion  inlet  flows,  and  escape  flows  are  given 
by  the  Bernoulli  equation: 


°il  ' sgn(pf  ' Pl>  Ail  Cdii  /2lpf  ~ pJ/pa  ' (3S 

Ci2  - sgn (pf  - p2)  Ai2  Cd.2  /2|pf  - P2|/Pa  , 

°.l  ' S9n(PlJ  Ael  Cdel  /2lpJ/p.  ' 

Ce2  - sgn(p2)  Ae2  Cde2  /2|p2|/Pa  and  <4C 

Ce3  - sgn(Pl  - p2)  Ae3  Cde3  /2|Pl  - p2|/pa  . 

The  sign  function  is  used  since  the  air  flows  can 
reverse  their  directions. 

We  now  apply  continuity  to  the  two  air  cushions  as 
follows : 


+ Crl  - + Ce3  - + Vl/pa 


and  is  the  forcing  wave  which  is  given  by 

z = h cos  [k  (x  - c t)  ] , 
w w w w w 

where  ^ , kw  and  c*  are  respectively  the  ampli- 
tude, wavenumber  and  velocity  of  the  wave,  and  xw 
is  measured  in  a stationary  reference  frame.  It 
is  more  convenient  to  use  the  moving  frame: 

z ■ h cos  (k  x + wt)  , (46) 

WWW 

where  u , the  encounter  frequency,  is  generally 
positive  for  a high-speed  craft.  Substitution  of 
this  result  in  Eq.  (45)  yields 

0 « w[V  cos  (wt)  - V sin  (wt)  ] , (47) 

w ws  wc 


v * [sin(SkwL)  + sin(tkwL)] 

wc2  v 


V h B 

yWS  ” 1 "j~  [cos  ( SkwL)  - cos  ( ekwL)  ] 
ws2  w 


Q.  =0  + Q -Q  - Q -0  +Vp/p 

*i2  ve2  “r2  ww2  ye3  WC2  2P2/Pa 

The  flux  terms  due  to  craft  pimping,  Q and  Q , 
are  given  by  r r2 

Qr  “ l‘z  + (x  - xg)6]  S , (42) 

S being  the  area  of  either  compartment,  x its  cen- 
troid and  Xg  is  the  longitudinal  position  of  the 
craft's  center  of  gravity. 

The  flux  terms  due  to  the  compliance  of  the  water 
surface  Qj  can  now  be  obtained  if  the  vehicle  mo- 
tion is  taken  as  periodic  (with  angular  frequency  u) 
and  the  Fourier  series  cosine  and  sine  components 
(a,,  and  bn  , say)  of  the  two  cushion  pressures  p3 
and  p2  are  known.  One  must  elio  consider  the  in- 
terference between  the  two  cushions.  The  result 
for  the  forward  cushion  is 


5?1  - n“K*nlv5a2<n“>  + bnlVCc2(nu)  + 

+ “n2V;s3(nu,)  + bn2VCc3(n“)}COS(nut)  + 
+ {bnlV;s2(nu)  - ttniVec2(n“)  + U3 
+ bn2V?s3(n“)  ‘ »n2Vcc3<n“)}8in(n“t)]  . 


In  Eq.  (41)  the  last  term  represents  the  accumula- 
tion effect  in  each  cushion,  the  volume  of  each 
(Vj  and  V2)  being  given,  analogous  to  Eqs . (42) 
and  (47)  by 

V « S[z  - z + (x  - x )6]  - 
<3  9 

- [V  cos(wt)  + V sin(wt)]  . (49) 

wc  ws 

The  first  term  in  Eq.  (49)  shows  the  influence  of 
craft  heave  and  pitch  on  the  cushion  volumes,  while 
the  second  takes  into  account  the  volume  occupied 
by  the  wave.  The  effect  of  the  induced  volumes 
Vj  is  ignored  in  this  equation. 

The  Escape  Areas 

The  clearance  under  the  skirt  hem  is  based  on  an  as- 
sumed craft  position: 

e = z - z + (x  - x ) 6 - z - h.  - z , (50) 

g g w k 5 

where  h^  is  the  local  skirt  depth,  and  z^  is  the 
induced  free-surface  elevation.  The  latter  may  be 
calculated  in  a manner  similar  to  the  induced  fluxes 
in  Eq.  (43)  , using  the  same  Fourier  series  compon- 
ents of  the  pressure.  -For  example,  the  pressure- 
induced  elevation  on  side  1 is : 


The  expression  for  Q?,  is  the  same  but  with  the 
subscripts  of  V^c  and  Vjs  reduced  by  1.  In 
Eq.  (43)  we  are  using  the  first  N terms  in  the 
Fourier  series : 


P ■ F c [a  cos  (nut)  + b sin  (nut)  ] , (44) 

„ n n n 

n*0 

in  which  Eq  ■ S and  cn  - 1 for  n ? 0 . (The 
first  term,  that  is  n - 0 , does  not  contribute  to 
the  fluxes.) 

The  volume  fluxes  due  to  wave  pumping  are  given  by 


2w  “ | h <V  B(*>  ' 


V * l en[{anl'cl(nu)  - bnlCsl(nu)  + 
n*0 

+ an2?c2<nu)  " bn2ts2<n“>  1 008  (nut)  + 

+ {anlCsl,n“)  + bnlCcl(n“>  + (51) 

+ an2Cs2(nu)  + bn2Cc2(nw> J sin  (nut)]  . 

The  escape  area  along  the  various  skirt  perimeters 
is  obtained  by  an  integration  with  respect  to  the 
distance  along  the  skirt  hem,  l : 


f2 

j e H (e)  dt  , 
*1 


in  which  B is  the  local  craft  beam  (constant  here) 


where  H is  the  Heaviside  step  function. 


379 


© IMechE  1977 


Skirt  Contact  Forces  and  Moments 


Numerical  Solution 


Each  element  of  the  skirt  is  considered  to  act  inde- 
pendently. Thus  the  vertical  force  on  the  craft 
due  to  skirt  deflection  is 


p n e H(-e)  ds.  . 


(53) 


The  local  force  is  thus  assumed  to  be  proportional 
to  the  cushion  pressure.  The  constant  n is  essen- 
tially the  tangent  of  the  angle  between  the  skirt 
wall  (where  it  meets  the  water)  and  the  vertical. 

The  horizontal  component  of  the  skirt  force  can  be 
decomposed  into  two  parts.  The  first,  being  fric- 
tional, is  derived  using  the  result  in  Eq.  (53)  to- 
gether with  the  usual  connection  between  a horizon- 
tal and  vertical  force  moving  over  a surface: 


dR  '/dR  = (a  + p)/(pa  - 1)  , 
h v w w 


(54) 


The  craft  motion  was  numerically  solved  by  starting 
the  vehicle  from  rest  and  running  it  over  a number 
of  wave  lengths  until  the  behavior  became  periodic  - 
within  the  specified  criterion. 

The  details  of  the  procedure  are  given  in  Doctors 
(27  and  39)  . One  feature  only  will  be  pointed 

out  here.  This  refers  to  the  solution  of  the  set 
of  equations  (37)  to  (41)  . Previously  these  could 
be  reduced  to  a pair  of  nonlinear  equations 
f(Pl»P2)  = 0 and  9(Pi»P2^  = 0 which  were  solved 
by  a twodimensional  Newton- Raphson  procedure. 

In  the  present  work,  it  was  necessary  to  consider 
three  functions,  namely: 

2(A<  1^  i>2 

f = (pf  - Pj)  - sgnIQj)  Qj2  , 


where  c ^ is  the  longitudinal  slope  of  the  water 
surface  and  u is  some  empirical  constant  which  ac- 
counts for  the  drag  due  to  the  water.  In  fact, 
calculations  have  been  made  which  show  that  the  val- 
ue of  V has  no  significant  effect  on  the  craft  mo- 
tion, so  that  one  need  not  be  concerned  at  this  poor 
model  of  the  mechanics  of  the  skirt  interaction  with 
the  water.  A second  part  of  the  horizontal  force 
derives  from  the  pressure  acting  on  the  skirt  wall. 
Its  component  in  the  x direction  is 


dRh"  = PeH(“e^  sin  & d£  • 


(55) 


B being  the  angle  between  the  skirt  and  the  longi- 
tudinal direction. 

We  now  use  Eqs  (53)  to  (55)  to  give  the  horizontal 
skirt  force  on  the  ACV: 


*h  - V + V 

* | P |^si 


sin  6 - n 


“w  M 
— r e Hi- 

na*, - XJ 


e)  di 


(56) 


and  the  bow-up  moment  on  the  craft  about  its  center 
of  gravity: 


[(2g  + bic 


+ ’se)  sin  fi  - 


(57) 


^x’VlVhk*el  hb  -V]eH(~e)  d*  • 


Equations  of  Motion 

Newton's  laws  of  motion  for  heave  and  pitch  about 
the  center  of  gravity  are 


m(z  + g)  = PjSj  + P2S2  + 


(58) 


and  16  = PjSj (*j  - xg>  + P2S2(*2  " xg)  + M + 

+ plB(hkl  ' 1Wtzg  + **(hkl  + bkl’1  + 

+ P2B(hk3  - \2)[*g  + ^ + hk2>]  < <59> 

where  m and  I are  the  mass  and  its  second  moment 
about  the  transverse  axis  through  the  center  of 
gravity,  respectively. 


g = 

and 


2(Ai2Cdi2> 


(Pf  - P2>  * sgn(Q2)  C22 


(60) 


pf  - (Cfl  + Cf20  + Cf3sgn(Q)  fi-) 


whose  zeroes  are  to  be  found.  Thus  a threedimen- 
sional Newton- Raphson  technique,  using  analytic  ex- 
pressions for  the  nine  derivatives,  was  used. 

Tie  rate-of-change-of-density  terms  were  computed 
using  the  adiabatic  isentropic  relationship: 


i + p/pa  = tp/pa) 


(61) 


where  y was  taken  to  be  1.4,  together  with  the  ap- 
proximation : 


P (t) 


[p  (t)  - p (t  - At)  ]/At  . 


(62) 


Surprisingly,  the  convergence  rate  of  this  procedure 
was  found  to  be  essentially  the  same  as  that  for  the 
previously  employed  simpler  equations. 

Encounter  Frequency 

The  wavenumber  for  the  exciting  waves  may  be  derived 
from  the  relationship 


2it/L 


!/Ww2  , 


(63) 


where  1^  is  the  wavelength  and  Fw  = Cy,// gL  . If 
one  considers  the  ACV  to  be  moving  forward  (F  > 0) 
in  head  waves  (Fw  < 0) , then  there  is  a unique  ex- 
pression for  the  wave  speed: 


F = [-  1 - /l  + 4 F (u/L7i>  ]/2  (indTg)  . (64) 

W 

This  is  the  case  of  the  results  in  the  next  section. 


RESULTS 

Calculations  were  carried  out  for  the  craft  whose 
particulars  appear  in  Table  1 , when  travelling  at 
a Froude  number  of  1.5.  The  computed  points  on  all 
the  curves  plotted  in  the  graphs  were  at  the  frequ- 
encies L/g  = 1 (1)  12  . The  response  of  the  pres- 
sures in  the  forward  cushion,  aft  cushion,  and  the 
fan  chamber  is  shown  in  Figs  5a,  b and  c,  respec- 
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tively.  The  asterisk  superscript  on  the  symbol  p , 
and  other  parameters  occurring  later,  refers  to  a 
division  by  , and  a nondimensionalization  with 
respect  to  L , g and  p . The  subscript  "rms"  in- 
dicates a root-mean-square  variation  measured  from 
the  average  value,  and  multiplied  by  /T. 

Three  types  of  calculation  were  considered:  (a)  the 
over  land  case  where  hydrodynamic  and  compressibility 
effects  are  ignored,  (b)  the  over  water  case  where 
the  first  two  terms  in  the  Fourier  series  represen- 
tation of  the  pressures  are  used  in  calculating  the 
water  response  (that  is,  N = 2) , but  compressibity 
is  still  ignored,  and  (c)  the  over  water  situation 
(N  = 2)  and  compressibility  is  considered.  In  the 
last  case,  the  dimensionless  atmospheric  pressure  is 
taken  as  pa/pgL  = 0.25  - relevant  to  a craft  length 
of  about  40.0  m. 

It  is  seen  that  up  to  a frequency  of  u>/L/g  = 4 the 
pressure  variations  in  the  forward  and  aft  cushions 
(Figs  5a  and  b)  are  equal  and  independent  of  wave 
height,  thus  indicating  linearity.  The  fan  pres- 
sure variation  in  Fig.  5c  is  also  independent  of 
wave  height  in  this  region,  and  is  of  smaller  mag- 
nitude than  the  cushion  pressure  changes  themselves. 
Beyond  w/L/g  = 4 , the  process  becomes  strongly 
nonlinear  and  both  the  hydrodynamic  and  compressibi- 
lity effects  are  increasingly  important  - particu- 
larly at  a dimensionless  frequency  of  8.  For  the 
aft  cushion,  the  hydrodynamic  effect  decreases  the 
pressure  changes  by  up  to  20%,  but  the  compressibi- 
lity increases  it  by  up  to  100%. 

The  heave  and  pitch  motions  are  shown  in  Figs  6a 
and  b for  the  same  three  cases  and  two  wave  heights. 
The  pitch  motion  is,  in  contrast  to  all  other  quan- 
tities, divided  by  wave-slope  amplitude  rather  than 
wave  amplitude  itself.  The  compliance  of  the  water 
surface  is  seen  to  increase  or  decrease  the  heave 
and  pitch,  depending  on  the  frequency.  The  same 
appears  to  be  true  of  the  compressibility.  However, 
at  the  resonance  frequency  - which  changes  with  wave 
height  - this  factor  always  increases  the  motion. 

It  is  interesting  to  nondimensionalize  the  previous- 
ly mentioned  results  of  Fein,  Magnuson  and  Moran  (6) 
and  Magnuson  (7) . These  give  dimensionless  heave 
and  pitch  resonance  frequencies  of  3.17  and  2.89  for 
the  BH.7  travelling  in  head  seas  at  a Froude  number 
of  1.70.  These  are  to  be  compared  to  our  results 
of  between  6 and  8 for  heave,  and  between  5 and  7 
for  pitch  - depending  on  the  wave  height.  Thus  the 
theoretical  frequencies  are  on  the  high  side  - but, 
of  course,  the  data  used  in  the  theory  may  not  be 
applicable.  Magnuson  and  Wolff  (8  and  9)  reported 
a dimensionless  pitch  frequency  in  head  seas,  for 
an  SES , of  3.27,  which  is  again  less  than  the  theo- 
retical value  in  Fig.  6b.  Finally,  Moran  and  others 
(10)  measured  the  zero-speed  heave  and  pitch  natural 
frequencies  of  a JEFF-B  model  and  found  them  to  be 
11.0  and  5.28,  respectively,  in  dimensionless  units. 
In  this  case,  the  pitch  resonance  frequency  seems  to 
tally  with  the  calculation  here,  but  the  heave  fre- 
quency is  now  high  compared  to  the  theory. 

The  craft  accelerations  are  plotted  in  Fig.  7.  It 
is  seen  that  the  hydrodynamic  effect  can  either  in- 
crease or  decrease  the  accelerations,  but  the  com- 
pressibility practically  always  increases  it  in  the 
frequency  range  examined. 

The  phase  angles  of  the  fundamental  Fourier  compon- 
ent of  the  heave  and  pitch  motions  are  shown  in 
Figs  8a  and  b,  respectively.  Both  the  angles  are 
measured  ahead  of  the  incident  wave,  and  this  ex- 
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Table  1.  Craft  Particulars 


plains  why  the  pitch  phase  angle  is  90°  at  low  fre- 
quencies. The  general  effect  of  increasing  the 
frequency  is  to  increase  the  phase  lag,  but  this 
trend  changes  at  very  high  encounter  frequencies. 

The  strong  dependence  on  wave  height  is  also  evident. 
It  should  be  pointed  out  that  some  difficulty  was 
experienced  in  the  convergence  of  the  numerical  al- 
gorithm for  the  case  of  hw/L  = 0.03  at  u/L/g  = 9 
and  10.  The  program  generally  converged  after  3 
to  8 cycles,  but  for  these  two  points,  which  are 
indicated  on  the  graphs,  it  did  not  converge  even 
after  15  cycles.  It  is  thought  that  the  very 
strong  negative  gauge  pressures  developed  in  the 
cushion  are  related  to  this  problem. 

The  remaining  figures  display  results  plotted  as  a 
function  of  wave  height  for  a dimensionless  fre- 
quency of  9.  Five  curves  are  now  shown.  These 
include  the  previously  described  three  cases.  In 
addition,  the  incompressible  over  land  case  using 
only  one  Fourier  component  for  the  pressure  (N  = 1, 
equivalent  to  just  the  average  pressure  level  in 
the  cushion)  is  shown.  The  second  additional  curve 
is  the  compressible  over  water  case  with  two  Fourier 
components,  but  with  pa/pgL  = 0.5.  This  corres- 
ponds to  a craft  of  length  20.0  m. 

Many  of  the  dimensionless  heave  and  pitch  curves  are 
seen  to  become  unbounded  at  low  wave  heights,  in 
Fig.  9.  Of  course,  the  heave  and  pitch  themselves 
are  well  defined  in  the  limit.  The  general  effect 
at  this  speed  and  frequency  is  for  the  motion  to  be 
decreased  by  water  compliance  - in  contrast  to  the 
low  speed,  low  frequency  cases  studied  by  Doctors 
(39)  . Compressibility  uniformly  increases  the 
motions . 

Fig.  10  displays  similar  trends  for  the  heave  and 
pitch  accelerations.  In  particular,  the  strong 
nonlinearity  of  the  craft  response  is  evident. 

The  last  pair  of  diagrams  (Fig.  11)  displays  the 
quantity  of  second  harmonic  in  the  craft  motion  - 
as  a proportion  of  the  fundamental.  The  harmonic 
content  in  the  heave  and  pitch  is  seen  to  be  occas- 
ionally very  high,  depending  on  the  wave  height. 
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CONCLUDING  REMARKS 
Present  Work 

Referring  first  to  the  calculation  of  the  free-sur- 
face  response  due  to  an  oscillating  pressure,  it  is 
noteworthy  that  the  surface  responds  almost  as  much 
at  a Froude  number  of  1.5  and  for  6 <_  1q  72,  as 
it  does  for  a Froude  number  of  0.5  and  for 
1 < Xq  .<  3 (see  results  presented  in  Doctors  (39)). 

Thus  it  is  not  clear  at  this  stage  how  high  the  fre- 
quency or  Froude  number  must  be  for  one  to  be  able 
to  ignore  the  compliance  of  the  water.  Furthermore, 
the  flux  terms  are  obtained  from  Fig.  4 by  multiply- 
ing by  nw  , the  frequency  of  the  n'th  harmonic  - 
further  emphasizing  the  effect  under  discussion. 

Secondly,  it  is  seen  that  the  influence  of  the  water 
is  not  always  in  the  same  direction.  The  craft  mo- 
tion can  be  increased,  or  decreased,  by  the  water. 

At  this  stage,  it  is  appropriate  to  raise  the  ques- 
tion of  the  number  of  terms  used  in  the  Fourier  ser- 
ies representation  of  the  pressure  distributions. 

For  almost  all  conditions  tested,  using  two  terms, 
rather  than  one,  increased  the  hydrodynamic  influ- 
ence. That  is,  the  effect  continued  in  the  same 
di rection . 

Compressibility  was  found  to  be  an  important  element 
of  ACT  motion  at  higher  frequencies  - even  more  so 
than  the  effect  of  water  compliance. 

Future  Work 

At  the  expense  of  additional  computing  effort,  one 
could  profitably  increase  the  number  of  terms  in 
the  pressure  Fourier  series  alluded  to  above.  It 
might  well  be  that  taking  three  or  four  terms  will 
amplify  the  hydrodynamic  influence. 

However,  it  is  felt  that  more  effort  should  be  con- 
centrated on  exploring  the  mechanics  of  the  compres- 
sible flows.  To  this  end,  the  unsteady  compressible 
Bernoulli  equations  should  be  utilized.  Neverthe- 
less, one  must  consider  the  validity  of  further  re- 
fining this  aspect  of  the  theoretical  model  in  view 
of  the  fact  that  we  are  only  using  a simple  onedi- 
mensional flow  analogy. 

An  important  aspect  of  this  research  which  has  been 
ignored  is  the  correlation  of  theoretical  work  with 
model  and  full-size  craft.  Effort  should  therefore 
be  directed  to  theoretically  model  the  actual  con- 
figurations of  existing  craft  - as  well  as  the  con- 
ditions under  which  they  operate  - so  that  the  as- 
sumptions employed  can  be  evaluated. 
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SOME  ASPECTS  OF  HYDROFOIL  MOTIONS  AND  THEIR 
IMPLICATIONS  FOR  CREW  PERFORMANCE 

D.  JOHNSON  and  L.  T.  MESSUM 
Admiralty  Research  Laboratory,  Teddington,  UK 

K.  NICHOLSON 

Admiralty  Experiment  Works,  Haslar,  UK 


SYNOPSIS  Methods  for  predicting  the  motions  of  hydrofoils  in  a seaway  are  reviewed  and  predictions  are 
made  for  a U50  tonne  design  over  a range  of  conditions.  Spectral  distributions  of  the  vertical  acceler- 
ations show  the  variation  of  third  octave  levels  at  frequencies  between  0.1  and  1 Hz.  The  predicted 
motions  of  the  hydrofoil  are  compared  with  those  of  a typical  destroyer  form  and  both  are  related  to 
the  limited  available  criteria  for  assessing  human  tolerance  to  motions.  The  hydrofoil's  ability  to 
remain  operational  in  rough  sea  conditions  is  discussed  and  attention  is  drawn  to  areas  where  further 
work  is  thought  necessary. 


1.  INTRODUCTION 

The  rapid  increases,  over  the  past  20  years,  in  the 
costs  of  building  and  manning  warships  have  acted 
as  an  incentive  for  the  consideration  of  vessels 
which  are  smaller  and  cheaper  than  those  of  the 
conventional  displacement  type.  The  hydrofoil  is 
amongst  the  alternatives  which  have  been  considered 
and  during  this  period  much  research  has  been  aimed 
at  producing  craft  which  are  capable  of  operating 
outside  sheltered  coastal  waters  without  the  speed 
limitations  experienced  by  conventional  ships. 

Kehoe  ( 1 ) . Essentially  two  types  of  hydrofoil  have 
been  built;  surface  piercing,  which  rely  on  vari- 
able immersion  of  the  foils  to  control  lift,  and 
the  fully  submerged  foil  craft  which  normally 
requires  an  automatic  control  system  and  control 
surfaces  to  vary  lift. 

The  ability  of  small  hydrofoils  of  both  types  to 
operate  foilbome  in  the  higher  sea  states  has 
been  demonstrated  by  the  various  craft  that  have 
been  built  in  the  past  10  years  (Jewell  (2),  Eames 
and  Drummond  (3)).  This  foilbome  performance, 
coupled  with  the  potential  of  acceptable  hullbome 
seakeeping,  has  pointed  to  the  possibility  of  using 
somewhat  larger  hydrofoils  for  open  ocean  roles  in 
addition  to  their  present  off-shore  applications. 
With  the  advent  of  more  compact  weapons  it  may  now 
be  possible  to  combine,  in  a vessel  of  a few  hun- 
dred tons , the  performance  and  weapon  systems 
formerly  only  found  in  ships  of  many  times  this 
size.  Good  seakeeping  will  be  a primary  require- 
ment for  such  hydrofoils,  which  would  be  expected 
to  operate  for  reasonably  long  periods  in  the  open 
ocean.  Consequently  it  is  necessary  to  understand 
the  factors  affecting  both  foilbome  and  hullbome 
seakeeping  and  to  establish  a method  for  reliably 
predicting  this  facet  of  performance  in  any 
particular  design. 


may  impose  operational  restraints  including  those 
relating  to  propulsion,  machinery  and  weapons 
systems  and  crew  performance.  The  factors  which 
affect  crew  performance  are  the  subject  of  this 
paper,  the  main  objectives  of  which  are: 

1.  To  review  the  data  and  methods  which  can 
be  used  to  predict  hullbome  and  foilbome 
motions  of  hydrofoils  in  a seaway. 

2.  To  examine  the  criteria  for  human  toler- 
ance to  such  motions. 

3.  To  relate  the  motions  predicted  for  a 
particular  hydrofoil , to  these  criteria. 

It.  To  indicate  the  limitations  of  existing 
methods. 

5.  To  suggest  areas  for  further  work  if  a 
more  complete  understanding  of  hydrofoil  pre- 
diction metnods  is  to  be  achieved. 

2.  REQUIREMENTS 

Assuming  the  need  for  good  operational  availability, 
it  is  necessary  to  design  a craft  to  operate 
efficiently  in  environmental  conditions  that  have 
a low  probability  of  being  exceeded  in  the  area  of 
operations.  Taking  the  Northern  North  Atlantic  as 
an  example  of  open  ocean  conditions,  Hogben  and 
Lumb  (I*)  show  that  the  probability  of  sea  state  6 
being  exceeded  in  any  year  is  only  approximately 
315  (Fig  1),  so  that  a craft  designed  to  operate 
foilbome  in  sea  state  6 would  have  a correspond- 
ingly high  operational  availability.  The  same  sea 
conditions  would  also  appear  to  be  a reasonable 
target  for  maintaining  hullbome  operations  but  it 
is  clearly  necessary  for  the  hydrofoil  to  be  cap- 
able of  surviving  more  severe  conditions  when  hull- 
bome since  it  would  be  unable  to  run  for  shelter. 


In  general  the  motions  of  any  hydrofoil  will  differ 
from  those  of  the  conventional  displacement  hull. 

At  typical  foilbome  speed  (35-k5  knots)  in  rough 
water  the  hull  has  little  effect  on  motions,  being 
for  the  most  part  clear  of  the  surface,  and  because 
of  the  high  speed  the  hydrofoil  struts  and  foils 
encounter  waves  at  different  frequencies  from  those 
experienced  by  displacement  hulls.  These  differences 


Certain  constraints,  additional  to  those  which 
would  normally  apply  to  a displacement  ship,  are 
imposed  on  the  design  of  a hydrofoil  if  the 
requirement  to  operate  foilbome  in  rough  seas 
with  motions  and  accelerations  acceptable  to  the 
crew  and  equipment,  is  to  be  met.  For  example, 
in  a fully  submerged  foil  craft  the  length  of  the 
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struts  supporting  the  foils  is  affected  by  the  need 
to  minimise  the  occurrence  of  broaching  ( ie  the 
foils  emerging  through  the  waves)  and  hull  impacts 
with  waves. 

3.  REVIEW  OF  AVAILABLE  MOTION  PREDICTIOH 
TECHNIQUES 

It  may  be  seen  from  the  preceding  section  that  pre- 
diction of  the  probability  that  a particular  craft 
will  achieve  a specified  operational  requirement 
depends  largely  on  the  calculation  of  ship  motions, 
at  all  headings  in  relevant  seas , for  comparison 
with  acceptable  criteria.  The  survivability 
requirement  also  depends  on  motion  information  but 
additionally  involves  effects,  like  the  breaking  of 
steep  waves  over  the  superstructure , which  are  not 
amenable  to  the  usual  linear  superposition  techni- 
ques. Both  predictions  depend  on  a knowledge  of 
the  frequency  of  occurrence  of  the  various  sea 
states  in  the  envisaged  area  of  operation.  The 
available  theoretical,  model  and  trials  work 
applicable  to  the  prediction  of  foilbome  and  hull- 
bome  motions  is  reviewed  in  this  section. 

3. 1 . Foilborne  Methods 

One  method  of  estimating  the  foilbome  motions  and 
accelerations  of  hydrofoils  is  to  scale  up  the 
frequency  response  functions  from  those  of  similar 
craft  or  from  model  tests.  To  use  such  a scaling 
method  one  must  have  some  confirmed  data  on  the  base 
model,  and  the  relevant  published  data  is  limited, 
in  the  case  of  the  fully  submerged  foil  hydrofoils , 
by  the  very  small  number  of  craft  examples  available 
for  evaluation.  The  only  published  data  known  to 
the  authors  on  this  type  of  vehicle  is  that  for  the 
US  hydrofoil  TUCUMCARI  given  by  Jewell  (2)  which  is 
restricted  to  vertical  motions.  The  vertical 
response  function  in  Ref  (2)  has  been  used  to  pre- 
dict vertical  accelerations  for  hydrofoils  in  the 
range  100  to  500  tonnes  in  sea  conditions  up  to  and 
including  sea  state  6. 

A second  and  more  complex  method  of  evaluating  the 
foilbome  seakeeping  of  hydrofoils  is  by  computer 
simulation  of  the  craft  and  the  sea  environment 
in  which  it  will  operate.  This  approach,  when 
validated,  is  a powerful  tool  with  wide  applica- 
tion to  a range  of  hydrofoil  configurations.  The 
main  inputs  for  this  type  of  simulation  include 
the  component  geometry  of  the  foil  system,  the 
characteristics  of  the  autopilot  and  the  partic- 
ular lift  control  system  employed,  which  could  be 
trailing  edge  flaps , variable  incidence  or  air 
bleed,  and  a spectral  representation  of  the  sea 
conditions. 

The  output  from  such  simulations  will  normally 
include  frequency  response  functions  of  motions, 
velocities  and  accelerations  in  six  degrees  of 
freedom.  It  is  also  possible  using  such  methods  to 
investigate  the  effects  of  problems  such  as  cavi- 
tation, ventilation,  foil  broaching  and  hull 
slamming. 

Computer  simulation  of  hydrofoils  has  been  used 
extensively  in  the  USA  and  Canada  (Russ  and 
Ryba  (5),  Jamieson  (6),  Schmitke  and  Jones  (7))- 
In  the  UK  a computer  simulation  has  been  developed 
at  Cambridge  University  and  is  being  implemented 
at  ARL. 


3.2.  Hullborne  Methods 

A range  of  methods  similar  to  those  indicated  above 
can  be  used  for  predicting  hullborne  motions.  In 
this  mode  of  operation  the  hydrofoil  may  be 
treated  as  a conventional  ship  will  allowances  made 
for  the  additional  effects  of  the  foil  system. 

Most  US  data  on  model  hullborne  seakeeping  tests 
originate  from  Stevens  Institute  of  Technology 
(SIT)  (8,  9,  10,  11)  and  deal  mainly  with  PLAINVIEW 
or  a series  of  hulls  based  on  that  form,  which 
includes  hulls  compatible  with  tandem  and  canard 
foil  arrangements,  obtained  by  truncation.  No 
Canadian  or  UK  model  work  is  known  other  than  some 
tests  on  a BRAS  D'OR  model  carried  out  by  NPL,  and 
whilst  some  French  work  is  known  to  have  been  per- 
formed in  the  Etang  de  BSrre  programme  no  details 
are  known  to  the  authors . 

There  is  also  a paucity  of  relevant  quantitative 
trials  data,  but  Jewell  (2)  states  that  both 
FLAGSTAFF  and  TUCUMCARI  have  operated  in  seas  up 
to  state  6.  Some  information  is  however  available 
for  the  Canadian  ship  BRAS  D'OR  in  sea  state  5 and 
6,  including  vertical  and  lateral  accelerations, 
at  various  positions  in  the  craft  and  roll  and  pitch 
angles  (Ref  3). 

Whilst  both  model  and  trials  data  are  sparse  for 
hullborne  hydrofoils,  considerable  success  has  been 
claimed  for  a Canadian  pitch  and  heave  computer 
program  developed  by  Schmitke  (12).  In  the  program 
linearised  hydrofoil  terms  are  derived  by  incor- 
porating Theodorsen's  unsteadiness  effects  into  a 
three  dimensional  quasi-steady  formulation.  These 
have  been  superposed  onto  the  hull  exciting  forces, 
added  mass  and  damping  terms,  computed  by  the  usual 
strip  theory,  to  predict  motions  in  head  seas. 

There  are  several  assumptions  and  restrictions  in 
the  theory,  in  addition  to  those  for  conventional 
ship  motion  programs , but  limited  comparison  made 
by  Schmitke  (13)  indicate  that  the  method's  relia- 
bility for  hydrofoils  is  comparable  to  that  of 
strip  theory  for  purely  displacement  hulls. 

The  version  of  the  Canadian  program  for  fully  sub- 
merged foil  craft  has  been  slightly  modified  and 
established  in  the  UK  by  AEW  and  has  subsequently 
been  used  to  predict  the  motions  of  a typical 
design.  The  results  are  presented  in  the  follow- 
ing section. 

1*.  PREDICTION  OF  MOTIONS  FOR  A 1+50  TONNE 
HYDROFOIL 

Some  of  the  methods  described  above  have  been  used 
to  predict  the  motions  of  a 1+50  tonne  hydrofoil 
with  a fully  submerged  foil  system.  This  parti- 
cular size  of  vessel  was  selected  on  the  basis  of 
data  given  by  Eames  (3)  which  indicates  that,  for 
over  90%  availability  in  the  sea  areas  under  con- 
sideration (ie  to  operate  in  sea  state  6),  a craft 
of  about  this  size  is  required. 

b. 1 . Foilborne 

The  computer  simulation  methods  described  in 
section  3* 1 are  capable  of  evaluating  many  more 
variables  than  the  scaling  method,  but  in  the 
absence  of  a validated  foilbome  simulation  model, 
predictions  have  been  based  on  results  scaled  from 
earlier  craft.  Using  the  vertical  response  function 
given  for  TUCUMCARI  by  Jewell  (2)  the  root  mean 
square  (rms)  heave  accelerations  on  a 1+50  t hydro- 
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foil,  in  head  seas  at  40  knots,  were  calculated 
for  a range  of  seas  using  the  ITTC  1969  single 
parameter  spectral  formulation.  The  results  are 
given  in  Table  1 which  also  shows,  for  comparison, 
the  vertical  accelerations  at  the  centre  of  grav- 
ity (eg)  of  a typical  110  m destroyer  form  at 
20  knots  in  head  seas  based  on  the  data  given  by 
Conolly  (lit).  Also  included  in  the  Table  are  the 
vertical  accelerations  on  the  destroyer  at  a 
point  10/8  of  length  abaft  the  forward  perpendi- 
cular (ordinate  3). 

Table  1 


Overall  rms  vertical  accelerations  on  a 1*50  t 
hydrofoil  at  1*0  knots  and  a 110  m destroyer  at 
20  knots  in  head  seas. 


Signifi- 
cant Wave 
Height 
(metres ) 


Sea  Hydrofoil  Destroyer 
State  at  eg  at  eg 

(rms  g) 


Destroyer 

at 

Ordinate  3 


1.5 

Lower  4 

0.01? 

0.01 

0.04 

2.9 

Lower  5 

0.044 

0.066 

0.174 

5.5 

Upper  6 

0.086 

0.114 

0.300 

The  acceleration  levels  at  ordinate  3 have  been 
included  because  the  variation  of  acceleration 
along  the  length  of  a displacement  ship  is  high  and 
ordinate  3 is  a commonly  used  seakeeping  reference 
point.  Jewell  (2)  stated  that  pitch  angles  in  foil- 
borne  hydrofoils  are  extremely  small  and  conse- 
quently the  variation  of  vertical  acceleration 
along  their  length  is  also  small.  From  the  results 
in  Table  1 it  can  be  seen  that  a 450  tonne  hydro- 
foil at  40  knots  in  sea  state  6 is  predicted  to 
experience  generally  lower  accelerations  than  the 
destroyer  at  20  knots  in  the  same  conditions. 

4.2.  Hullbome 


The  Canadian  pitch  and  heave  program  was  used  to 
predict  rms  vertical  accelerations  at  the  eg  of 
the  hydrofoil  at  10  knots  in  head  seas  as  shown  in 
Table  2.  Accelerations  for  the  same  hull  without 
foils  and  those  for  the  110  m destroyer  in  the 
same  conditions  are  also  shown. 

Table  2 


Overall  rms  vertical  accelerations  at  the  centre  of 
gravity  of  a 450  tonne  hydrofoil  and  a 110  m 


destroyer  both  at 

10  knots  in 

head  seas . 

Signifi- 
cant Wave 
Height 
( metres ) 

Sea 

State 

450  t Hull 
without 
Foils 

Hydrofoil 

(rms  g) 

Destroyer 

1.5 

Lower  4 

0.028 

0.024 

0.012 

2.9 

Lower  5 

0.064 

0.049 

0.028 

5.5 

Upper  6 

0.097 

0.074 

0.052 

The  Table  shows  that  adding  the  foils  to  the  hull 
of  the  450  t vessel  is  predicted  to  reduce  the 
accelerations  experienced  by  approximately  208. 
However,  in  the  highest  sea  states  the  accelera- 
tions predicted  for  the  hydrofoil  are  still  about 
408  higher  than  those  at  the  eg  of  the  destroyer. 


In  the  hullbome  mode  the  hydrofoil  is  basically 
a modified  displacement  ship  and  wide  variations 
of  accelerations  along  its  length  can  be  expected. 
To  illustrate  this  point  the  rms  vertical  accel- 
erations at  ordinate  3 have  been  calculated  and 
are  shown  in  Table  3. 

Table  3 

Overall  rms  vertical  acceleration  at  ordinate  3 of 
a 450  tonne  hydrofoil  and  a 110  m destroyer  both 
at  10  knots  in  head  seas. 


Signifi-  „ 450  t Hull 

cant  Wave  „ ea  without  Hydrofoil  Destroyer 

Height  btate  Foils 

(metres)  (rms  g) 


1.5 

Lower  4 

0.113 

0.067 

0.040 

2.9 

Lower  5 

0.193 

0. 123 

0.095 

5-5 

Upper  6 

0.280 

0. 162 

0.150 

As  before,  the  effect  of  the  foils  is  seen  to 
reduce  the  motions  considerably.  Also  the  accel- 
erations at  this  position  are  less  than  1 056 
greater  than  those  of  the  much  larger  displacement 
ship  in  the  high  sea  state,  whilst  at  the  lowest 
sea  state  accelerations  on  the  hydrofoil  are  about 
708  higher. 

The  fact  that  accelerations  at  the  worst  position, 
ie  near  the  bow,  of  the  hydrofoil  are  only  slightly 
greater,  in  sea  state  6,  than  those  at  the  corres- 
ponding position  in  the  destroyer  suggests  that  the 
operational  effectiveness  of  the  hydrofoil  may  be 
essentially  the  same  as  that  of  the  destroyer. 

This  conclusion  is  confirmed  qualitatively  by 
assessments  made  by  the  crew  of  BRAS  D'OR  and  the 
Commanding  Officer  of  an  escorting  destroyer  which 
led  to  the  claim  that  "the  ability  of  a 200  ton 
hydrofoil  to  operate  hullbome  with  the  sea- 

keeping qualities  of  a destroyer-escort  has  been 
well  demonstrated"  (Eames  and  Drummond  (3)). 

5.  CRITERIA  AND  COMPARISONS 

A new  craft  can  be  judged  by  comparison  with  other 
vessels  or  against  specific  quantitative  criteria. 
Both  these  yardsticks  have  been  applied  to  the 
hydrofoil  since  neither  gives  a complete  picture. 

5.1.  Operability 

The  overall  vertical  acceleration  predictions 
described  in  the  preceding  section  has  been  used 
to  give  a guide  to  the  seakeeping  performance  of 
the  hydrofoil  relative  to  that  of  a displacement 
ship.  However,  the  picture  presented  by  the  over- 
all rms  acceleration  results  is  incomplete  as  it 
does  not  indicate  the  frequency  at  which  the  vessels 
respond  or  the  variation  of  level  with  frequency. 
Thus,  the  single  overall  figure  could  mask 
important  differences  such  as  that  between  a 
highly  tuned  response  giving  large  acceleration 
levels  and  a much  lower  response  distributed  over  a 
wider  frequency  band.  The  variation  of  acceler- 
ation with  frequency  has,  therefore,  been  calcu- 
lated for  both  the  hydrofoil  in  its  two  modes  and 
the  destroyer.  The  results  of  these  calculations 
are  presented  in  Figs  2,  3 and  4 which  show  rms 
acceleration  levels  in  one  third  octave  bands 
plotted  againBt  frequency.  The  one  third  octave 
bandwidth  was  selected  as  this  is  used  by  the 
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International  Standards  Organisation  (ISO)  when 
proposing  human  tolerance  levels. 

For  frequencies  above  1 Hz  the  ISO  have  proposed 
limits  for  human  exposure  to  vertical,  lateral 
and  rotational  accelerations  (15).  Examination 
of  Figs  2,  3 and  4 shows,  however,  that  there  is 
no  significant  response  at  such  frequencies. 

Below  1 Hz  there  are  at  present  no  internationally 
accepted  levels  but  the  effects  on  personnel  of 
vibrations  at  these  frequencies  have  been  the 
subject  of  a number  of  recent  investigations, 
since  it  is  known  that  oscillations  at  frequencies 
in  this  band  are  the  prime  cause  of  motion  sickness. 
In  addition  to  the  basic  lack  of  data  on  human  res- 
ponse at  frequencies  below  1 Hz,  even  less  is  known 
about  the  effect  of  excitation  at  a combination  of 
frequencies  along  one  axis  let  alone  the  multi- 
axis excitations  which  occur  in  practice. 

Allen  (16)  has  analysed  data  from  various  forms  of 
passenger  transport  and  has  proposed  a "severe 
discomfort  boundary"  for  25  minutes  exposure  to 
vertical  accelerations  at  frequencies  between 
0.1  and  1 Hz.  The  proposed  boundary  (shown  in 
Figs  2,  3 and  4)  is  set  at  0.051  g rms  between 
0.1  and  0.3  Hz,  rising  to  0.71  g at  1 Hz  where  it 
coincides  with  the  draft  ISO  limits  for  25  minutes 
exposure  to  vertical  vibration.  The  boundary 
proposed  by  Allen  is  supported  by  the  results  of 
some  subsequent  experiments  by  O' Hanlon  and 
McCauley  (17)  in  which  300  college  students  were 
subjected  to  a range  of  accelerations  at  single 
frequencies  between  0.08  and  0.5  Hz  and  the  incid- 
ence of  motion  sickness  was  recorded  for  periods 
up  to  2 hours.  It  is  suggested  that,  in  the  pre- 
sent context,  this  boundary  should  be  regarded  as 
conservative  since  it  makes  no  allowance  for  the 
increased  tolerance  to  motions  which  is  generally 
believed  to  occur  when  personnel  are  motivated 
and  acclimatised.  This  view  is  endorsed  by 
recent  work  for  the  Surface  Effect  Ship  (SES) 

Project  (Boyd  et  al  ( 1 8 ) ) , in  which  naval  personnel 
have  been  exposed  to  higher  levels  of  acceleration 
for  longer  periods. 

Fig  2 shows  the  predicted  third  octave  vertical 
acceleration  levels  on  the  hydrofoil  at  40  knots  in 
sea  states  5 and  6.  The  levels  shown  are  at  the 
eg  but  are  representative  of  those  for  all  positions 
on  the  craft.  The  figure  shows  that  the  highest 
level  occurs  at  0.2  Hz  with  a value  of  0.044  g rms 
which  is  just  below  the  severe  discomfort  boundary. 
The  spectral  response  at  the  eg  of  the  destroyer  at 
20  knots  in  head  seas  is  also  shown  and  in  sea 
state  6 the  maximum  levels  exceeds  the  severe  dis- 
comfort boundary. 

Additionally  it  may  be  seen  that,  due  to  the  higher 
encounter  frequency  of  the  hydrofoil  travelling  at 
40  knots,  it  has  some  response  up  to  0.7  Hz  whereas 
that  of  the  destroyer  cuts  off  at  about  0.3  Hz.  It 
is  seen  that  the  existence  of  this  higher  frequency 
response  is  unlikely  to  affect  the  crew  as  tolerance 
is  thought  to  increase  in  this  frequency  band.  The 
effects  of  these  higher  frequencies  on  mechanical 
components  have  not  been  assessed  but  at  these  low 
levels  they  are  unlikely  to  be  significant. 

Fig  3 shows  the  spectral  response  at  the  eg  of  the 
hullbome  hydrofoil  and  the  destroyer  at  10  knots 
in  head  seas.  Although  the  levels  on  the  hydro- 
foil are  higher  than  those  on  the  destroyer,  they 
are  all  below  the  severe  discomfort  limit  and 
should  not  therefore  impair  the  effectiveness  of 


the  crew.  In  order  to  cover  the  range  of  levels 
encountered  on  the  vessels,  the  spectral  response 
at  ordinate  3 is  shown  in  Figure  4.  The  critical 
level  is  exceeded  in  sea  states  5 and  6 in  both 
cases  and  the  individual  spectra  confirm  the  trend 
of  the  overall  rms  predictions  showing  that  the 
maximum  hydrofoil  acceleration  is  only  marginally 
higher  than  that  of  the  destroyer. 

Excessive  vertical  acceleration  is  not  the  only 
reason  for  a voluntary  reduction  in  speed  in  rough 
weather  and  two  other  major  reasons  in  conventional 
ships  are  slamming  and  deck  wetness  (Nicholson  and 
Price  (19)).  Both  depend  on  the  relative  motion 
of  the  ship  to  the  waves  and  this  usually  increases 
with  speed  in  any  sea  state.  Table  4 compares  the 
relative  bow  motion  of  the  hydrofoil  with  that  of 
the  destroyer,  and  besides  showing  that  the  relative 
motions  of  the  destroyer  exceeds  that  of  the  hydro- 
foil in  the  higher  seas,  it  also  demonstrates  that 
there  is  little  speed  effect  for  the  hydrofoil  in 
the  range  of  conditions  shown. 

Table  4 

Rms  relative  bow  motions  of  a 450  t hydrofoil  and 
a 110  m destroyer. 


Signifi- 
cant Wave 
Height 

Sea 

State 

450  t Hydrofoil 

1 10  m 
Des- 
troyer 

(metres) 

0 

knots 

5 10  15 

knots  knots  knots 

10 

knots 

(metres) 

1.5 

Lower  4 

0.73 

0.73  0.73  0.59 

0.48 

2.9 

Lower  5 

1.10 

1.21  1.21  1.33 

1.45 

5-5 

Upper  6 

1.28 

1.45  1.50  1.46 

2.3 

These  results  show  a similar  trend  to  those  pre- 
dicted for  BRAS  D'OR  (Schmitke  (12)),  which  con- 
firmed the  observations  of  deck  wetness  in  the  sea 
trials  (Eames,  Drummond  (3)). 

Slamming  and  wetness  also  depend  on  the  draught 
and  freeboard  respectively  and  the  probability  of 
deck  wetness  is  related  to  both  freeboard  and  the 
variance  of  relative  motion  by  an  exponential 
expression  (Nicholson  and  Price  (19)),  which  shows 
that,  if  for  example  the  rms  relative  bow  motion 
of  the  destroyer  is  twice  that  of  the  hydrofoil, 
the  latter  would  only  need  half  the  freeboard  to 
have  an  equal  expectance  of  the  event  occurring. 
Table  4 shows  that  ratios  of  this  order  can  be 
expected. 

Whilst  slamming  is  a more  complicated  phenomenon, 
involving  not  only  relative  motion  but  also 
relative  velocity,  its  frequency  of  occurrence 
would  be  similar  for  the  two  vessels  if  their 
draughts  were  scaled  in  the  same  ratio  as  that 
described  above  for  wetness.  Published  data 
(Jane's  Surface  Skimmers  (20))  shows  that  the 
draught  and  freeboard  of  current  hydrofoils  is 
of  the  order  of  half  that  of  frigates  and  destroy- 
ers and  it  seems  reasonable  to  presume  therefore 
that  larger  ocean  going  craft  should  be  adequate 
in  this  respect,  since  hydrofoils  are  generally  of 
deep  construction  to  satisfy  foilborne  strength 
requirements. 
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5.2.  Survivability 

To  be  a viable  open  ocean  platform  a vessel  must 
not  only  meet  operational  requirements  but  must 
also  have  a very  good  chance  of  surviving  those 
occasions  when  the  sea  conditions  for  which  it  has 
been  designed  to  operate  are  exceeded.  In  this 
respect  the  hydrofoil  is  no  different  from  any 
other  configuration  in  the  spectrum  of  choices  from 
surface  effect  ships  to  conventional  hulls.  It  is 
perhaps  pertinent  to  recall  that  the  450  tonne 
craft  being  considered  has  been  chosen  to  operate 
in  sea  state  6 and  that  even  in  the  severe 
environment  of  the  Northern  North  Atlantic  that 
condition  is  exceeded  only  about  3%  of  the  time,  on 
average  about  10  days  a year,  whilst  sea  state  7 
is  exceeded  only  about  3 days  per  year  (Fig  1). 

Any  craft  caught  in  extreme  conditions  is  liable  to 
be  uncomfortable  and  the  vertical  acceleration  pre- 
dictions in  Tables  2 and  3 confirm  that  the  hydro- 
foil is  no  exception.  However,  the  calculations 
used  to  produce  Table  2 have  been  extended  and 
illustrate  that  in  general  acceleration  at  the  eg 
can  generally  be  reduced  in  any  particular  sea 
condition  by  a reduction  in  speed,  in  a similar 
manner  to  the  familiar  pattern  for  displacement 
hulls  (viz  Conolly  (14)).  Since  the  craft  would 
appear  from  the  foregoing  to  be  operable  at 
10  knots  in  sea  state  6 it  should  not  be  too 
uncomfortable  when  hove-to  in  sea  state  7 because 
the  overall  acceleration  levels  are  similar  in  the 
two  conditions.  It  is  also  likely  that  the  crew 
would  tolerate  rare  exposure  to  extreme  sea  states , 
which  occur  for  only  3 days  a year,  as  the  crews 
in  conventional  ships  currently  do. 

An  extension  of  the  data  in  Table  4 to  sea  state  9 
indicates  that  both  slamming  and  wetness  would  also 
be  less  frequent  when  hove-to  in  extreme  conditions 
than  when  operating  at  10  knots  in  sea  state  6. 

It  should  be  noted,  however,  that  real  seas  do  not 
necessarily  correspond  to  the  spectral  formulation 
on  which  Table  4 is  based,  and  that  steep  breaking 
waves,  caused  by  local  wind  conditions,  could  have 
serious  effects  on  any  vessel.  No  quantitative 
data  are  available  on  this  topic,  but  it  would  mean 
that  the  survival  of  the  crew  depends  more  on  the 
ability  of  the  craft  to  remain  intact  and  water- 
tight , than  on  their  ability  to  withstand  inter- 
mittent exposure  to  violent  motions. 

There  is  little  or  no  hydrofoil  experience  in 
extreme  conditions  but  the  combined  effect  of  their 
foils,  reducing  motions,  and  their  strong  construc- 
tion to  satisfy  foilbome  loading  requirements, 
should  ensure  that  they  have  at  least  as  good  a 
chance  of  survival  as  the  numerous  open  ocean 
fishing  vessels  of  similar  size.  Confidence  in  the 
ability  of  the  hydrofoil  to  survive  will  only 
really  be  established  by  experience  of  either  the 
actual  craft  performing  its  proposed  task  or 
smaller  vessels  of  similar  type  in  scaled  conditions. 

6.  CONCLUSIONS  AND  RECOMMENDATIONS 

Conventional  scaling  methods  and  mathematical 
simulation  techniques  can  be  used  to  predict  the 
motions  of  hydrofoils  in  a sea  way.  The  first 
approach  depends  entirely  upon  the  existence  of 
relevant  data  on  the  motions  of  interest  for  any 
particular  type  of  craft  and  so  is  limited  to  the 
small  number  of  concepts  evaluated.  For  the  foil- 
borne  regime  published  response  information  which 
could  be  used  for  direct  scaling  and  for  validating 


mathematical  models  is  sparse,  both  at  model  and 
full  scale.  However,  it  has  been  possible,  for  the 
purpose  of  this  paper,  to  predict  motions  in  the 
vertical  plane  for  a 450  t craft  from  the  recorded 
response  of  TUCUMCARI.  Basing  the  prediction  on 
this  60  t hydrofoil  craft  means  that  the  results 
are  unlikely  to  be  optimal  for  the  larger  vessel. 
There  is  a similar  lack  of  data  on  hullborne 
behaviour,  especially  at  full  scale,  but  in  this 
case  the  availability  of  a computer  simulation  for 
heaving  and  pitching  motions  has  enabled  these  to 
be  calculated  for  the  same  450  t craft  and  the 
effect  of  the  foils  in  reducing  motions  is  shown 
to  be  significant.  No  predictions  of  lateral  res- 
ponse were  possible  for  this  craft  either  hull  or 
foilbome . 

Human  tolerance  to  oscillatory  motions  is  known  to 
depend  on  frequency.  The  vertical  motions  which 
have  been  predicted  all  occur  at  less  than  1 Hz 
and  are  not  therefore  covered  by  the  draft  ISO 
standard  for  human  tolerance.  For  the  low  frequency 
regime  there  have  been  recent  attempts  to  define 
maximum  levels  of  acceleration  which  would  not 
cause  severe  discomfort , ie  motion  sickness.  The 
reported  work  is  incomplete  since  the  effects  of 
acclimatisation,  motivation  and  simultaneous 
oscillation  at  several  discrete  frequencies  and  in 
more  than  one  plane  are  not  taken  into  account. 

No  proposals  have  been  found  for  tolerance  bound- 
aries to  lateral  motions  in  the  low  frequency 
band. 

The  predicted  motions  for  the  450  t hydrofoil 
craft  have  been  compared  with  both  the  tolerance 
boundary  and  the  motions  of  a 110  m destroyer, 
taking  into  account  the  different  character  of  the 
motion  of  the  two  types  of  vessel.  The  comparison 
suggests  that  the  operation  of  the  craft  by  the 
crew  would  not  be  limited  by  the  vertical  accelera- 
tion levels  encountered  in  sea  state  6 either 
while  hull  or  foilbome.  In  the  more  extreme 
conditions  likely  to  be  encountered  occasionally  it 
appears  from  the  evidence  examined  that  the  risk  to 
survivability  would  be  low.  The  problem  would  be 
little  different  from  that  of  the  numerous  vessels 
of  this  size  which  presently  operate  in  open  waters. 


The  prediction  methods  described  in  this  paper 
require  extension  and  validation  before  the  motions 
of  hydrofoil  craft  may  be  characterised  in  their 
entirety.  More  complete  information  is  required  if 
designs  which  take  account  of  motions  are  to  be 
generated.  As  a first  step  there  is  a clear  need 
for  the  development  of  a mathematical  model  for 
simulating  hullborne  roll  and  for  data  on  foilbome 
lateral  motion.  The  full  potential  of  motion  pre- 
diction will  not  be  realised  unless  there  is  a 
corresponding  level  of  understanding  of  the  human 
tolerance  aspects;  to  quote  Boyd  et  al  (18) 
"Although  men  have  been  experiencing  motion  in  a 
wide  spectrum  of  vehicles  for  many  years,  there  is 
still  a dearth  of  knowledge  as  to  the  quantitative 
effects  of  motion  exposure."  This  is  especially 
so  for  lateral  motions.  The  topic  is  evidently 
an  area  where  the  proponents  of  competing  vehicles 
could  usefully  co-operate. 
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SYNOPSIS 


A major  consideration  in  hydrofoil  ship  design  is  the  structural  implications  of  the  impact  pressures  which 
arise  during  foilborne  operation  in  rough  water.  Many  factors  influence  the  magnitude  of  these  pressures. 
The  purpose  of  the  present  study  is  to  identify  the  most  significant  parameters  and  to  quantify  their  in- 
fluences on  hull  weight.  The  parameters  under  study  include  displacement,  foilborne  load  distribution, 
design  hull  clearance,  deadrise  angle,  length-displacement  ratio,  prismatic  coefficient,  design  speed,  and 
design  sea  state. 

Parameters  are  varied  in  a systematic  manner  and  a second-order  response  surface  fitted  to  the  results. 

This  yields  quantitative  estimates  of  parameter  influences  and  interactions  and  establishes  the  relation- 
ship of  the  various  design  parameters  to  hull  weight. 


1.  INTRODUCTION 

Wave  impacts  resulting  from  foilborne  operation  in 
rough  seas  produce  impact  pressures  that  influence 
the  design  of  hydrofoil  hull  structures.  The  pur- 
pose of  this  study  is  to  identify  the  most  signifi- 
cant parameters  of  those  considered  and  to  quantify 
their  influence  on  impact  pressures  and,  conse- 
quently, hull  weight. 


Only  ships  with  automatically  controlled  fully  sub- 
merged hydrofoil  systems  are  considered;  the  con- 
trol philosophy  adopted  is  to  achieve  maximum  plat- 
form stability.  Eight  parameters  have  been  selec- 
ted for  investigation  based  on  dynamic  and  naval 
architectural  considerations.  These  variables  are 
the  minimum  required  to  define  hull  shape  and  foil- 
borne operating  conditions,  thus  enabling  impact 
pressures  and  hull  weight  to  be  calculated. 


A 

® 

c 

Bp 

fm 


displacement 

length-displacement  ratio 
prismatic  coefficient 
bottom  deadrise  angle 
fraction  of  ship  weight  carried  by 
main  foil 

significant  wave  height 
design  keel  clearance 
design  foilborne  speed 


A flow  chart  of  the  utilization  of  these  variables 
in  the  computational  process  is  shown  in  Figure  1. 
The  major  subroutines  include  calculation  of  sea- 
way-induced  vertical  motions,  generation  of  hull 
lines,  calculation  of  impact  pressure  distribution, 
and  calculation  of  the  hull  weight  fraction. 


The  computation  of  seaway- induced  motions  is  re- 
stricted to  long-crested  head  seas,  both  for  com- 
putational simplicity  and  because  these  produce 
the  most  severe  motions  in  the  vertical  plane. 
Only  pitch  and  heave  dynamics  are  considered  and, 
in  keeping  with  conventional  ship  practice,  the 
problem  is  linearized.  Good  precedents  exist  for 


using  a linear  mathematical  model  to  predict  foil- 
borne hydrofoil  ship  motions;  see,  for  example, 
Schmitke  and  Jones  (1)  and  Bender  et  al  (2). 

The  calculation  of  pitch-heave  frequency  response 
is  described  in  Section  2.  These  responses  are 
then  applied  to  realistic  ocean  wave  spectra  to 
compute  ship  motions  in  irregular  seas.  Seas  with 
significant  wave  heights  ranging  from  5 to  20  feet 
are  considered.  The  Gospodnetic-Miles  quadratic 
regression  spectrum  (3)  is  used  to  define  the  sea- 
way. 

Definition  of  hull  geometry  and  calculation  of  im- 
pact pressures  are  described  in  Section  3.  Gener- 
ation of  the  portion  of  the  hull  below  the  design 
waterline  utilizes  the  mathematical  model  described 
by  Schmitke  and  Mackay  (4).  These  underwater  lines 
are  extended  upward  in  a simple  but  realistic  man- 
ner to  define  the  hull  completely.  Knowledge  of 
ship  motions  and  hull  geometry  enables  impact  pres- 
sures to  be  estimated.  This  is  accomplished  by 
combining  results  for  slamming  of  wedge-shaped 
bodies  with  the  statistical  approach  of  Ochi  and 
Motter  (5). 

Structural  aspects  of  the  problem  are  discussed  in 
Section  4.  Hull  weight  fraction  is  chosen  as  the 
most  physically  meaningful  figure  of  merit  upon 
which  to  base  comparisons  for  this  study.  It  is 
assumed  that  impact  pressures  affect  only  the  bot- 
tom structure.  The  remainder  of  the  hull,  includ- 
ing sides,  decks,  and  bulkheads,  are  designed  to 
hydrostatic  criteria  with  the  ship  in  the  hullborne 
mode  or  flooded  condition.  This  approach  of  con- 
sidering the  entire  hull  weight,  rather  than  just 
the  bottom  structural  weight,  tends  to  put  the  im- 
plications of  Impact  loads  into  proper  perspective. 

Each  portion  of  the  structure  is  designed  according 
to  estimated  loads  and  to  acceptable  criteria  ap- 
plicable to  that  area.  The  volume  of  metal  so  de- 
termined for  each  structural  component  is  then 
summed  over  the  whole  ship  to  give  the  total  weight 
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of  primary  structure.  Appropriate  weight  allowan- 
ces are  added  for  superstructure,  hull  fittings, 
local  strengthening,  and  equipment  foundations. 

Section  5 describes  how  the  computational  process 
presented  in  Sections  2 to  4 and  illustrated  in 
Figure  1 is  used  in  a parametric  study  of  the  wave 
impact  problem.  A large  data  base  is  generated  by 
systematically  varying  the  eight  input  variables. 

A second-order  response  surface  is  fitted  to  the 
data,  and  the  results  are  presented  in  Section  6. 
These  give  a quantitative  measure  of  the  relative 
significance  of  each  parameter  on  both  impact  pres- 
sures and  hull  weight  fraction. 

2.  PITCH  AND  HEAVE  RESPONSE 

The  pitch  and  heave  response  is  calculated  for  a 
foilborne  hydrofoil  ship  with  fully  submerged  foils 
travelling  along  a course  directly  opposite  to  the 
direction  of  propagation  of  a train  of  long-crested 
regular  waves  of  frequency  oj  (Figure  2).  Let 
(x,  y,  z)  be  a right-handed  orthogonal  co-ordinate 
system  fixed  with  respect  to  the  mean  position  of 
the  ship  with  origin  at  the  mean  position  of  the 
centre  of  gravity.  The  positive  x-axis  points 
forward  in  the  direction  of  motion  and  the  positive 
z-axls  vertically  upward;  the  pitch  angle  9 is  pos- 
itive for  downward  rotation  of  the  bow. 

Assume  that  the  motions  of  the  ship  in  response  to 
the  encountered  waves  are  both  linear  and  harmonic. 
Further,  assume  that  the  ship  is  controlled  in 
pitch  and  heave  by  trailing  edge  flaps  on  both  the 
forward  and  after  foil  units.  The  coupled  pitch 
and  heave  equations  are  defined  below  using  the 
conventional  notation  that  subscript  3 refers  to 
heave  and  subscript  5 to  pitch. 

(A33  + m)  z + B33z  + C33z  + A356  + B359  + C350 
+ A3MBM  + B3M®M  + C3MBH  + A3BBB  + B3BSB 

+ C3BBB  ’ (1) 

Aj3z  + B53z  + C53z  + (Aj5  + Iy)  0 + B55e 

+ c55e  + a5m'b'h  + b5mbm  + c5MsM  + a5bb’b 

+ B5BBB  + C5BeB  ■ (2> 


where  w is  the  undamped  natural  frequency  and  4 
the  damping  ratio,  k",  k’,  etc.,  are  the  control 
system  gains.  In  this  study,  the  only  gains  used 
are  kl  on  the  bow  foil  flap  and  k'  on  the  main 
foil  flap.  Large  values  are  chosen  in  order  to 
represent  the  stable  platform  condition  for  the 
ship. 

Solving  the  above  set  of  four  equations  yields  the 
pitch  and  heave  response  functions  from  which  the 
vertical  motions  are  obtained  by  superposition  with 
the  seaway  spectrum.  The  Gospodnetic-Miles  quad- 
ratic regression  spectrum  (3)  is  used  to  represent 
the  seaway  for  which  the  energy-averaged  wave  peri- 
od T is  obtained  from  the  empirical  relationship, 
w 

Tw  - 7.73  + 0.114  Hy  (seconds)  (5) 

where  Hw  is  the  significant  wave  height  in  feet. 

For  each  value  of  H , the  seaway  spectrum  is  taken 
to  be  the  average  of  five  spectra  with  periods  of 
0.8  Tw,  0.9  Tw,  Tw,  1.1  Tw,  and  1.2  Tw  seconds. 

3.  HULL  DEFINITION  AMD  IMPACT  PRESSURES 
3.1  Hull  Definition 

The  portion  of  the  hull  lying  below  the  design 
waterline  is  defined  using  the  mathematical  model 
of  Schmitke  and  Mackay  (4).  Only  ten  hull  vari- 
ables are  required  in  this  formulation:  displace- 
ment (A),  length-displacement  ratio  ((m)),  dead- 
rise  angle  (B) , area  coefficient  at  the  section 
of  maximum  area  (CL,),  waterplane  area  coefficient 
(Cw) , entrance  angle  (ig) , transom  breadth  ratio 
(B^/B) , transom  area  ratio  (A^/A),  transom  sec- 
tional area  coefficient  (Gj,) , forward-most  station 
of  maximum  area  (S„) , and  after-most  station  of 

M 

maximum  area  (S  ) . 

R 

In  order  to  model  the  complete  hull  for  the  present 
study,  these  lines  are  extended  upward  to  a sheer 
line  obtained  by  setting  the  freeboard  at  the  tran- 
som equal  to  the  design  draft  and  the  freeboard  at 
the  stem  1.5  times  the  draft.  The  chine  line  is 
extended  forward  and  upward  to  the  mid  point  of 
the  dry  portion  of  the  stem.  Flare  is  increased 
on  the  forward  stations  to  give  a reasonable  width 
of  foredeck.  The  lines  produced  for  the  parent 
model  of  this  study  are  shown  in  Figure  3. 


where  z is  heave,  m is  ship  mass,  and  I is  pitch- 
ing moment  of  inertia.  &B  and  8^  are  flap  deflec- 
tions of  the  forward  (bow)  and  after  (main)  foil 
units,  respectively.  The  subscript  convention  is 
the  same  as  in  Reference  6.  Expressions  for  the 
coefficients  A^ , etc.,  are  given  in  Appendix  A. 

To  complete  the  mathematical  model,  the  following 
control  system  equations  are  required. 


Some  notable  features  of  the  hull  are: 

a)  With  the  exception  of  the  sheer  line,  the  hull 
is  parallel  between  and  S^. 

b)  Deadrise  (8)  is  constant  aft  of  S^. 

c)  Deck  width  is  maximum  at  S„.  The  deck  is 
approximately  parallel  between  S^  and  station  6 
(where  station  0 is  the  FP  and  station  20  the  AP) 


““’nM^M2  + kzM*  + kzMZ  + k0M9  + k0M9  + k0M0) 

+ BM  + 2 VnMBM  + “4iBM  ■ ° (3) 


-“nB^zB2  + ^B2  + kzB2  + k9B9  + k0B9  + k9B9) 
+ BB  + 2^nBBB  + UnB8B  * ° 


(4) 


d)  Side  flare  is  constant  at  12°  aft  of  S„;  it 
increases  forward  of  Sw. 

e)  The  chine  intersects  the  DWL  between  station  4 
and  station  5. 

3.2  Impact  Pressure 

Estimation  of  impact  pressures  is  accomplished  by 
combining  the  results  of  Chuang  .(7)  on  slamming  of 
wedge-shaped  bodies  with  the  statistical  approach 
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of  Ochi  and  Motter  (5). 

Each  hull  section  is  represented  by  a rigid  wedge. 
Peak  impact  pressure  is  given  by  (7): 

PM  “ -|ckrJ  (6) 

where  r is  relative  velocity,  o is  fluid  density 
and : 


In  order  to  account  for  buttock  angle  (t),  equiva- 
lent to  an  inclination  of  the  wedge  (Figure  4),  8 
in  Equation  (7)  is  replaced  by  8 cos  T. 

Operation  in  a seaway  is  approached  probabilis- 
tically. Let  c be  the  statistical  confidence  level 
that  a specified  pressure  threshold  (pQ)  is  not  ex- 
ceeded in  a given  number  of  impacts  (N) . Based 
upon  the  twin  assumptions  of  linear  motion  and  Ray- 
leigh distributed  wave  amplitudes,  the  following 
relationship  between  pQ,  c,  N,  and  oRV2  is  obtained 
from  Ochi  and  Motter  (5): 

P0  - - pkaRV2ln(l  - c1/N)  (8) 

Thus,  in  N impacts,  the  probability  of  exceeding 
Pq  is  (1  - c).  For  example,  if  c is  chosen  to  be 
0.99,  then  the  maximum  pressure  is  estimated  by 
(8)  with  99Z  assurance. 

Of  the  independent  variables  in  Equation  (8) , k is 
determined  by  hull  geometry,  c is  specified  by  the 
designer,  and  oRy2  is  a function  of  the  foil  and 
control  systems,  speed,  and  sea  state.  Only  N re- 
mains to  be  evaluated. 


a)  Choose  suitable  values  for  confidence  level 
(c)  and  period  of  operation  (t). 

b)  For  each  hull  station  of  interest,  compute  V 
for  a series  of  waterlines  between  keel  and  chine. 

c)  For  each  waterline  zq  and  for  all  stations, 
compute  the  extreme  pressure  pQ  using  Equation  (8). 

For  the  present  study,  c • 0.99  and  t • 1 hour. 

The  hull  is  represented  by  20  stations  and  zo  is 
specified  in  the  following  manner. 

To  facilitate  the  structural  calculations,  it  is 
desirable  to  compute  the  peak  Impact  pressures  at 
equally  spaced  locations  between  keel  and  chine. 
Therefore,  the  wedge  between  keel  and  chine  is  di- 
vided into  five  equal  intervals.  The  end  points 
of  these  Intervals  are  denoted  by  z.  Then,  for 
the  peak  impact  pressure  to  occur  at  z,  z and  zq 
are  related  by: 

(12) 

o 

4.  HULL  WEIGHT  CALCULATION 

A typical  hydrofoil  hull  section  is  shown  in  Fig- 
ure 5 and  consists  of  thin  plating  with  Integral 
longitudinal  stiffeners  supported  by  a system  of 
of  transverse  frames  and  deck  beams  and  main  lon- 
gitudinal girders.  The  weight  of  the  primary  hull 
structure  is  computed  by  determining  the  size  of 
each  component  of  the  bottom,  sides,  decks,  and 
bulkheads  using  the  applied  loads  and  suitable 
structural  criteria  for  the  area  under  consider- 
ation. 

4.1  Bottom  Structure 


Let  z be  an  arbitrarily  specified  waterline  be- 
tween keel  and  chine.  The  probability  of  hull  im- 
mersion to  depth  z is 
o 


Pz  - exp 
o 


(hK+  zo)J 


2orm2 


(9) 


where  o^2  is  the  variance  of  the  relative  motion 
and  h^  is  the  keel  clearance.  Frequency  of  immer- 
sion to  zq  is  given  by: 


n 


P 

271  °RM  Zo 


(10) 


and  the  number  of  wave  impacts  in  t hours  of  ship 
operation  is 


N - 3600  n t (11) 

Besides  z , then,  N is  a function  of  keel  clear- 

o ’ 

ance,  ship  motion,  and  period  of  operation  in  the 
given  sea  condition. 

In  the  following  sections,  the  design  impact  pres- 
sure used  to  make  the  structural  calculations  for 
the  hull  bottom  will  be  set  equal  to  pQ  obtained 
from  Equation  (8). 

The  procedure  for  obtaining  a design  pressure  dis- 
tribution over  the  hull  bottom  is  summarized  below: 


Bottom  structural  loading  is  determined  first  by 
dividing  the  hull  into  three  segments,  then  sub- 
dividing each  of  these  into  five  longitudinal 
strakes  from  keel  to  chine  as  shown  in  Figure  6. 

The  maximum  impact  pressure  (p)  on  each  of  these 
fifteen  strakes  is  found  using  the  methods  of  Sec- 
tion 3.  These  design  pressures  are  then  used  as 
the  design  loading  in  the  bottom  structure. 

Bottom  plating  thickness  and  stringer  geometry  are 
determined  by  applying  the  design  impact  pressure 
to  skin  panels  bounded  by  adjacent  frames  and  lon- 
gitudinal stringers.  For  this  study,  a frame  apac- 
ing  of  2.5  feet  and  a bottom  stringer  spacing  of 
7 inches  has  been  used  (identical  to  those  of  the 
Canadian  hydrofoil  HMCS  BRAS  D'OR). 

For  panels  whose  length  is  greater  than  three  times 
the  width,  the  end  supports  at  the  frames  are  con- 
sidered ineffective.  Consequently,  plate  thlckneas 
is  determined  by  investigating  a thin  strip  of  skin 
of  unit  width  between  the  longitudinal  stringers 
and  considering  this  to  be  a fixed  ended  beam  as 
shown  in  Figure  7. 

Assuming  a factor  of  safety  of  1.5  based  on  the 
tensile  yield  strength  (o^)  of  the  material,  plate 
thickness  (tR)  can  be  determined  from  the  bending 
moment  and  section  modulus  relationship. 

s • <1J> 
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where  b is  the  stringer  spacing. 

The  stiffener  is  designed  by  assuming  the  ends  are 
fixed  at  each  frame  and  the  distributed  load  is 
equal  to  the  impact  pressure  acting  over  the  panel 
area,  as  shown  in  Figure  8.  Stringer  bending  moment 
(Mg)  and  required  section  modulus  (Z)  for  a factor 
of  safety  of  1.5  are  determined  as  follows: 


v P F' 

(14) 

Ms  12 

1.5  M 

Z - 

CJ 

(15) 

where  Sp,  is  the  frame  spacing. 

The  plate  is  assumed  to  contribute  (8)  to  the  lon- 
gitudinal strength  of  the  section.  This  contribu- 
tion is  represented  by  an  effective  plate  breadth 
<be)  of: 

<»> 

where  E is  Young's  modulus. 

A review  of  typical  hydrofoil  plate/stringer  sec- 
tions yields  the  following  stringer  proportions  for 

height  (h  ) and  thickness  of  web  (t  ) , and  breadth 
w w 

(bp)  and  thickness  of  flange  (t^,) . 


o 

CN 

(17) 

V1-5 

(18) 

bp/H 

(19) 

By  assuming  a starting  value  for  web  height  (h  ), 

w 

an  iterative  solution  is  found  for  section  geometry. 
This  process  is  repeated  for  each  of  the  fifteen 
bottom  strakes,  then  the  weight  of  the  bottom  skin 
and  stringers  can  be  determined. 

The  keel  and  bottom  girders  are  assumed  to  be  load- 
ed as  shown  in  Figure  9.  These  main  longitudinal 
members  are  supported  by  transverse  bulkheads  and 
pillars  at  intervals  of  not  more  than  7 1/2  feet. 
They  are  loaded  by  pressures  p^  and  pG  over  a width 
of  one-half  the  value  of  the  chine  offset  at  sta- 
tion 12.  Keel  pressure,  pR,  is  the  average  pres- 
sure over  the  two  bottom  strakes  closest  to  the 
keel.  Similarly,  girder  pressure,  pG,  is  the  av- 
erage pressure  over  the  third  and  fourth  strakes. 
Bending  moment  and  required  section  modulus  are 
determined  in  a similar  manner  to  the  longitudinal 
stringers  except  that  the  proportions  of  these  lar- 
ger sections  are  as  follows: 


*w  ’ V25 

(20) 

bF  ’ V2 

(21) 

tF  - bp/ll 

(22) 

Again,  an  Iterative  solution  is  used  to  size 
structural  member  and  the  section  dimensions 
constant  over  their  entire  length.  The  keel 

each 

are 

la 

assumed  to  extend  the  full  (waterline)  length  of 
the  ship  (L) , whereas  each  girder  has  a length  of 
0.85  L due  to  tapering  of  the  hull. 

Bottom  frames  are  sized  separately  in  the  bow,  mid- 
dle body,  and  stern  regions  of  the  ship.  Once  de- 
rived, section  shape  remains  constant  in  each  re- 
gion. Bottom  frames  are  designed  in  two  sections; 
from  the  keel  to  girder  and  from  girder  to  chine, 
as  shown  in  Figure  10.  Design  pressure  on  the  in- 
board frame  is  assumed  to  be  that  of  the  second 
strake  from  the  keel,  while  that  for  the  oute. 
section  is  the  average  of  the  third  and  fourth 
strake  pressure.  The  average  bottom  girth  (G)  from 
keel  to  chine  is  determined  for  each  of  the  three 
longitudinal  sections  of  the  ship  and  half  this 
value  is  used  as  the  span  of  each  frame  portion. 

Section  dimensions  are  derived  in  a manner  similar 
to  that  used  for  the  bottom  girders  and  keel,  using 
the  same  proportions  for  the  web  and  flange.  Know- 
ing the  required  frame  spacing  (Sj.)  and  the  ship 
geometry,  the  total  length  of  inboard  and  outboard 
frames  can  be  determined  in  each  of  the  three  re- 
gions. Therefore,  total  bottom  frame  weight  can 
be  calculated. 

4.2  Side  Structure 

Side  structure  loads  are  determined  by  calculating 
a basic  pressure  (p  ) applicable  to  the  side  at 
upper  deck  level  anl  aft  of  1/4  length.  This  pres- 
sure is  defined  by  Cohn  et  al  (9)  in  terms  of  sig- 
nificant wave  height  for  hullborne  operation  (H^) 
as: 

ps  = l44(1600  - 2-5<25  ~ Hwh)2)  (23> 

This  pressure  is  assumed  to  have  a minimum  value 
of  2.5  psi  and  a maximum  value  of  11.11.  For  pur- 
poses of  this  study,  the  maximum  value  has  been 
used  (equivalent  to  a hullborne  significant  wave 
height  of  25  feet).  In  order  to  account  for  in- 
creased pressure  with  depth  and  greater  probability 
of  side  impact  pressures  over  the  forward  part  of 
the  ship,  a factor  of  1.5  is  applied  to  the  basic 
pressure  in  these  areas  so  that  the  overall  side 
pressure  distribution  is  as  shown  in  Figure  11. 

Side  plating  and  stringers  are  designed  to  the  lar- 
ger pressure  at  the  chine  and  are  assumed  to  have 
a constant  cross  section  over  the  whole  ship's  side. 
Sectional  dimensions  are  determined  in  the  same  way 
as  for  the  bottom  shell  except  that  stringer  spac- 
ing is  increased  to  8.5  inches. 

Side  frames  are  designed  to  the  pressure  dlstribu- 
t ons  shown  in  Figure  11  and  using  frame  spans 
(chine  to  deck  edge)  in  the  two  regions  at  stations 
5 and  12  respectively.  Total  side  frame  length  is 
determined  in  a manner  similar  to  that  use  for  bot- 
tom frames.  Having  determined  sectional  properties 
and  total  length,  side  frame  weight  can  now  be  cal- 
culated. 

4.3  Decks 

The  hydrofoil  ships  considered  in  this  study  are 
assumed  to  have  two  decks  extending  from  bow  to 
stern.  The  upper  deck  is  assumed  to  be  subjected 
to  the  same  pressure  as  the  ship's  side  at  deck 
edge  level.  Plating  thickness  and  stringer  dimen- 
sions are  determined  in  the  same  manner  as  for  the 
bottom  shell  except  that  a stringer  spacing  of 
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6 inches  Is  used  and  a minimum  plating  thickness 
of  0.1  inches  Is  assumed. 

The  lower  deck  is  assumed  to  have  the  same  stringer 
spacing,  a thickness  of  0.1  inches  and  a stringer 
web  height  of  1.5  Inches.  These  dimensions  result 
in  satisfactory  strength  to  withstand  anticipated 
hydrostatic  and  personnel  loads.  For  the  purposes 
of  determining  size  of  supporting  structure,  it  is 
assumed  to  be  loaded  by  a pressure  of  2 psi. 

Each  deck  is  supported  transversely  by  deck  beams 
and  longitudinally  by  deck  girders  as  shown  in 
Figure  5.  The  sizes  of  these  components  are  de- 
termined in  a manner  similar  to  that  for  the  bot- 
tom structure  but  using  the  deck  pressures  stated 
above. 

4.4  Bulkheads  and  Pillars 

Bulkhead  sections  are  designed  to  withstand  ;hydro- 
static  flooding  pressures  and  consist  of  plating 
with  vertically  oriented  stiffeners  spaced  7 inches 
apart.  Maximum  stringer  span  is  assumed  to  be  7.5 
feet,  essentially  the  height  between  decks.  The 
number  eu d location  of  watertight  bulkheads  is  de- 
termined first  by  calculating  a typical  watertight 
compartment  spacing  (1  ) in  terms  of  ship  length 
(L).  C 

1 - 10  + 0.04  L (feet)  (24) 

Starting  at  the  bow  of  the  ship,  bulkheads  are  lo- 
cated at  stations  closest  to  the  above  spacing  dis- 
tance. The  cross  sectional  area  of  the  ship  is 
calculated  at  each  bulkhead  station.  The  cross 
sectional  area  at  the  transom  is  multiplied  by  a 
factor  of  2.5  to  allow  for  heavier  plating  and 
supporting  structures  in  this  area.  Bulkhead 
weight  can  be  determined  knowing  total  area  and 
sectional  properties. 

In  addition  to  bulkheads,  pillars  are  used  to  sup- 
port main  longitudinal  girders  and  keel.  These  are 
assumed  to  have  a cross  sectional  area  of  3 square 
in.  The  number  of  pillars  is  determined  from  ship 
length,  bulkhead  spacing,  and  minimum  girder  spans 
of  7.5  feet.  Pillars  are  assumed  to  extend  from 
the  upper  deck  to  ship's  bottom,  the  lergths  being 
determined  from  the  hull  sectional  geometry  at  sta- 
tion 12.  Knowing  cross  sectional  area,  length,  and 
number  required,  pillar  weight  can  be  estimated. 

4.5  Total  Hull  Weight 

Total  hull  weight  (W^)  is  assumed  to  consist  of 

primary  structure  (W  .),  secondary  structure  (W„_), 
. Hz 

and  superstructure  (If  ) . 


Also,  the  average  superstructure  weig'  t is 

W - 0.075  Wu  (27) 

S H 

Total  hull  weight  fraction  (FH)  may  now  be  calcu- 
lated. 

WH  - 1.3605  WHl  (28) 

Fh  - Wh/6  (29) 

5.  PARAMETRIC  VARIATIONS  AND  RESPONSE  SURFACE 
5.1  Parent  Configuration  and  Parametric  Variation 


The  range  of  values  studied  for  each  of  the  eight 
input  variables  shown  in  Figure  1 is  listed  below: 


Parameter 

- levels 

Parent 

+ levels 

Units 

A 

200,  300 

400 

500 

tons 

® 

6.0 

6.5 

7.0 

CP 

0.641 

0.697 

0.748 

e 

21 

25 

28 

degrees 

fm 

0.7 

0.8 

0.9 

hK 

4,  6 

8 

10,  12 

feet 

Vd 

40 

45 

50 

knots 

H 

5 

10 

15,  20 

feet 

As  observed  in  Section  3,  Cp  is  not  a variable  in 
the  hull  model  used.  The  variation  in  Cp  is  a- 
chieved  by  a simultaneous  variation  of  the  param- 
eters Cy,  ie>  (Sji  — Sg) , Cp , and  Ap/A  while 

keeping  the  LCB  as  close  to  0.6  L as  possible. 

The  parent  values  define  a hull  model  which  is  vir- 
tually the  same  as  the  parent  configuration  of  Ref- 
erence 4.  Increments  above  and  below  the  parent 
values  are  chosen  on  a rational  basis  to  cover  the 
range  of  current  interest  and  also  to  generate  a 
sufficient  data  base  for  a second-order  response 
surface. 

5.2  Response  Surface 

In  order  to  quantify  the  significance  of  the  param- 
eters under  study,  a second-order  response  surface 
is  fitted  by  the  method  of  least  squares  to  a data 
base  generated  from  a large  number  of  cases.  This 
response  surface  consists  of  an  equation  of  the 
form: 

n n n 

R ■ a + Z a,p,  + Z Z a.^P.P,  (30) 

i-1  i-1  j-i  3 3 


W„,  + W„„  + W 


Hi 


H2 


(25) 


The  weight  of  primary  structure  is  obtained  by  sum- 
ming those  weights  previously  calculated. 

Secondary  structure  includes  engine  and  equipment 
foundations,  hull  fittings,  access,  attachments,  and 
local  strengthening  for  special  purposes.  A survey 
of  existing  military  hydrofoil  craft  suggest  a sec- 
ondary structure  weight  of: 


«h2  * 0.19  WH 


(26) 


where  R is  the  response  (either  impact  pressure  or 
hull  weight  fraction  in  the  present  study),  p^  the 
i*-*1  parameter,  a^  and  a^  the  equation  coeffi- 
cients, and  n the  number  of  parameters.  We  have 
in  the  present  study  eight  parameters  of  which 
P1  - A,  p2  «(M)  , etc.,  and,  consequently,  the  num- 
ber of  coefficients  required  for  Equation  (30)  is 
45. 

To  generate  the  data  base,  the  parameters  are  var- 
ied one  or  two  at  a time  between  levels  above  and 
below  the  parent  value.  As  an  example,  two  param- 
eters (A  and  B)  varied  between  one  level  above 
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(A+  and  B+)  and  below  (A-  and  B”)  the  parent  values 
produce  eight  cases  in  addition  to  the  parent  case. 


The  cases  covered  in  this  study  are  summarized  in 
the  table  given  in  Section  5.1 

The  relative  effectiveness  of  the  terms  in  the 
response  surface  may  be  deduced  from  the  non-dimen- 
sionalized  form  of  Equation  (30). 


two  of  the  parameters  are  achieved  while  holding 
the  otheis  constant. 

e)  In  the  estimation  of  hull  weights,  a factor 
of  safety  of  1.5  based  on  material  tensile  yield 
strength  has  been  assumed.  This  is  considered 
appropriate  in  view  of  the  criterion  of  99*  sta- 
tistical confidence  level  for  the  extreme  impact 
pressure. 

6.2  Discussion  of  Impact  Pressures 

Hereafter,  "impact  pressures"  will  refer  to  the 
maximum  impact  pressures  (p)  defined  in  Section  A. 
These  were  found  to  be  concentrated  in  the  parallel 
middle  body  at  the  keel,  falling  off  rapidly  both 
fore  and  aft,  and  laterally.  The  peak  occurred  at 
the  forward  end  of  the  middle  body  (around  station 
12)  on  the  keel  as  shown  in  Figure  12. 


R - b + Z b p + Z I b p p (31) 

° 1 1 i-i  j-i  J J 


where 


~ R - R 

parent 

R R 

parent 

(32) 

and 

* Pi  Pi  parent 

* pi  parent 

(33) 

Using  "typical"  values  for  p^,  namely  p^ , the 
relative  effectiveness  is  then  given  by  e^  and 
e^  for  the  1th  and  ijth  cross  terms,  where: 

ei  - Vi' 

(34) 

eu  - eijpiV 

(35) 

6.  RESULTS 

6.1  Summary  of  Study  Limitations 

Before  discussing  the  results  obtained  from  this 
study,  it  is  worth  while  to  summarize  the  most 
important  limitations  involved: 

a)  The  motions  are  calculated  for  a hydrofoil 
ship  with  fully  submerged  foils  in  the  head  sea 
condition  only,  using  linear  motion  theory. 

b)  The  control  system  is  set  to  produce  a very 
stable  platform.  This  condition  would,  in  prac- 
tice, have  to  be  relaxed  in  extreme  sea  states. 

We  are,  in  effect,  assessing  the  penalty  to  be 
paid  in  terms  of  impact  pressure  and  hull  weight 
for  achieving  the  stable  platform. 

c)  The  definition  of  design  Impact  pressure,  as 
used  here,  depends  on  the  operational  requirements 
of  the  craft. 

d)  Whereas  the  parent  is  believed  to  represent  a 
realistic  configuration,  some  of  the  cases  in  the 
parametric  study  depart  significantly  from  usual 
det-.ign  practice  in  that  extreme  values  of  one  or 


The  full  bottom  pressure  distribution  for  the  par- 
ent is  shown  in  Figure  13.  Here,  the  hull  bottom 
has  been  projected  onto  the  base  plane.  The  rapid 
lateral  fall-off  in  impact  pressure  is  typical  of 
the  cases  run,  with  the  exception  of  those  involv- 
ing low  hull  clearance  (hR)  or  high  sea  state  (Hw) 
for  which  significant  values  of  impact  pressure  are 
felt  out  to  the  chine. 

In  Figure  14,  the  parameters  are  varied  one  at  a 
time  from  the  parent.  The  dominant  parameter  is 
Hw,  with  significant  contributions  from  8,  h^,  and 
Vd,  the  rest  having  a negligible  effect.  The  lack 
of  influence  of  displacement.  A,  and  load  factor 
F^  on  impact  pressures  reflects  the  use  of  high 
control  gains. 

At  large  values  of  hull  clearance  and  small  values 
of  wave  height,  the  design  impact  pressures  become 
uniformly  zero  and  the  hull  bottom  structure  dimen- 
sions reach  a lower  limit.  This  results  in  discon- 
tinuities in  the  response  curves.  Consequently, 
the  response  surface  was  fitted  omitting  the  ex- 
treme cases  of  h^  and  Hw.  The  resulting  coeffi- 
cients are  given  in  Table  I.  Table  II  shows  the 
normalized  values  for  parameter  effectiveness  cal- 
culated by  the  method  outlined  in  Section  5.  In 
addition  to  the  four  first-order  terms  mentioned 
above,  the  second-order  terms  B2,  Bh^,  8^,  Vd  H^ 
and  Hw2  make  significant  contributions  to  impact 
pressure.  Recomputing  the  response  surface  coeffi- 
cients using  just  these  significant  terms  provides 
the  following  approximation  for  the  peak  keel  im- 
pact pressure: 

Pjj,  - 4.439  8 - 38.57  hR  - 5.856  Vd  + 44.63  Hw 

+ 0.193  e2  + 1.023  Bhjj  - 2.6992  BHy 

+ 0.8336  VjHy  + 0.4726  Hw2  (36) 

where  the  units  are:  p (psi),  8 (degrees),  1^ 
(feet),  V.  (knots),  and  H (feet). 

Q W 

In  cases  where  Equation  (36)  gives  a negative  re- 
sult, zero  must  be  used.  The  RMS  error  over  the 
data  base  of  maximum  keel  impact  pressure  using 
Equation  (36)  is  6.5*  of  the  mean  value.  Using 
the  full  set  of  coefficients  from  Table  I in 
Equation  (30)  gives  an  RMS  error  of  1.87*. 
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6.3  Discussion  of  Hull  Weight 

A weight  breakdown  of  the  parent  hull  is  given  in 
Table  III.  To  assess  the  effect  of  parameter  vari- 
ations, the  weights  are  grouped  into  the  compon  nts: 
bottom,  sides,  decks  (upper  and  lower),  support 
(bulkheads  and  pillars),  and  other  structure  (sec- 
ondary structure  and  superstructure).  The  first 
four  expressed  as  a percentage  of  total  hull  weight 
are  plotted  in  Figure  15.  The  secondary  structure 
and  superstructure  is  a constant  26.5%  for  all  ca- 
ses. 

The  dominant  parameter  in  this  figure  is  wave 
height,  Hw,  with  significant  contributions  from 

C , B,  and  hv. 

P 

As  C was  not  significant  for  impact  pressures,  its 
influence  on  hull  weight  derives  from  hull  geometry. 
The  procedures  previously  described  which  are  used 
to  vary  C , produce  changes  mainly  in  the  hull  mid- 
dle and  afterbody  where  the  impact  pressure  has  the 
greatest  effect  on  bottom  weight.  Increase  of  Cp 
increases  bottom  and  deck  structures  at  the  expense 
of  the  side  and  support  structures.  The  reverse 
trend  has  been  found  for  B for  which  the  variation 
of  impact  pressure  has  a strong  opposing  effect  on 
bottom  weight.  For  the  h^  and  Hw  variations,  the 
bottom  structure  only  is  affected  (the  hull  geometry 
and  above  water  loading  criteria  do  not  change).  A 
decrease  in  h^  or  an  increase  in  Hy  result  in  a 
higher  percentage  of  bottom  weight.  The  lower  lim- 
its on  bottom  structural  dimensions  are  seen  to 
come  into  effect  in  the  extreme  cases. 

For  hull  weight  fraction,  Hw  is  again  dominant  with 
Cp,  B,  hR  and  Vd  as  significant  parameters  as  seen 
in  Figure  16.  The  geometrical  changes  produced  by 
increasing  C are  shown  to  reduce  overall  hull 
weight.  The  trend  observed  for  B is,  as  previously 
ncted,  dominated  by  the  effect  of  impact  pressures. 

From  Table  V,  important  second-order  terms  are  AH  , 
B2,  8hR,  BHw,  and  V^H^.  Recomputing  the  response 
surface  coefficients  using  just  the  significant 
terms,  the  hull  weight  fraction  is  approximated  by: 

FH  - - 0.0527  Cp  + 0.00851  B - 0.0258  hR 

- 0.00105  V.  + 0.0443  H - 0.0000041  AH 

aw  w 

- 0.0000194  B2  + 0.000691  61^  - 0.00151  8Hw 

+ 0.000229  V,H  , (37) 

a w 

where  A is  in  tons  and  the  other  units  are  the  same 
as  for  Equation  (36).  The  RMS  error  over  the  data 
base  using  the  above  equation  is  9.76 % of  the  mean 
value,  compared  with  0.94%  obtained  using  the  full 
set  of  coefficients  from  Table  IV  in  Equation  (30). 

7.  CONCLUDING  REMARKS 

This  study  has  served  to  quantify  the  influence  of 
hull,  foil,  and  operational  parameters  on  wave  im- 
pact pressures  and  hull  weight  fraction  for  foil- 
borne  operation  of  a hydrofoil  ship  in  head  seas. 
Not  surprisingly,  the  most  significant  parameters 
are  sea  state,  keel  clearance,  and  deadrlse  angle. 


Of  lesser  importance  are  speed  and  displacement, 
while  prismatic  coefficient  has  little  effect  on 
impact  pressure  but  influences  hull  weight  frac- 
tion appreciably. 

With  regard  to  the  significance  of  wave  height  and 
keel  clearance,  it  must  be  noted  that  the  aim  of 
the  present  study's  control  system  is  minimization 
of  vertical  accelerations.  Obviously,  in  rougher 
seas  than  the  design  condition,  some  compromise  is 
necessary  between  stabilization  and  alleviation  of 
wave  impacts.  Further,  a keel  clearance  margin 
also  appears  necessary. 

This  study  can  be  extended  in  two  ways.  First,  it 
would  be  possible  to  investigate  a range  of  control 
system  gains  and  to  re-examine  the  penalty  on  im- 
pact pressure  and  hull  weight.  However,  acceptance 
of  a greater  degree  of  contouring,  while  reducing 
hull  weight.  Increases  absolute  ship  motion.  Con- 
sequently, an  acceptable  criterion  of  weight/motion 
trade-off  would  be  necessary.  The  second  extension 
to  the  study  might  Include  investigation  of  foil 
system  weight  in  order  to  account  for  longer  struts 
at  greater  keel  clearances.  Here  again,  it  would 
be  necessary  to  include  another  factor  in  the  as- 
sessment criterion. 
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IV. 52 
NOTATION 


A 

Alk 

AP 

*T 

Vaij 


ik 


Vbij 


jk 

Si 

C 

P 

CT 

C„ 

c 

DWL 

E 

ei>eij 


FP 

G 


wh 

Sc 


kzB’k6B 

k.  lc 
zM,K0M 

L 

LCB 

® 

M 

s 

m 

N 

n 

P P 
i’j 


pi'pj 


kKM 


immersed  maximum  sectional  area 
added  mass  coefficient 

after  perpendicular 
immersed  transom  area 

response  surface  coefficients 

maximum  section  breadth  at  waterline 
damping  coefficient 

transom  breadth  at  waterline 

stringer  spacing 
effective  plate  width 

stiffener  flange  width 

non-dimensionalized  response  surface 
coefficients 

hydrostatic  restoring  coefficient 
midship  section  coefficient 
prismatic  coefficient 
transom  sectional  area  coefficient 
waterplane  coefficient 

statistical  confidence  level 
design  waterline 
Young's  modulus 

relative  effectiveness  of  response  sur- 
face  terms 

hull  weight  fraction  (W  /A) 

H 

exciting  force 

fraction  of  ship  weight  carried  by  main 
foil 

forward  perpendicular 
girth  (keel  to  chine) 
foilborne  significant  wave  height 

hullborne  significant  wave  height 
design  keel  clearance 
stiffener  web  height 
pitching  moment  of  inertia 
bow  entrance  angle 

geometrical  factor 

bow  foil  control  system  gains 

main  foil  control  system  gains 

ship  waterline  length 
longitudinal  centre  of  buoyancy 
watertight  compartment  spacing 

length  displacement  ratio  (L/V  ^ ) 
stiffener  bending  moment 

ship  mass 

number  of  impacts  during  time  t 
frequency  of  inmersion  to  waterline  z 

o 

non-dimensionalized  response  surface 
parameters 

probability  of  immersion  to  waterline  z 

o 

design  pressure  load 
pressure  load  at  bottom  girders 

response  surface  parameters 
pressure  load  at  keel 
maximum  keel  Impact  pressure 
pressure  load  on  ltk  strake 
peak  impact  pressure 


p^  specified  pressure  threshold 

ps  pressure  load  on  ship's  side 

R response  surface  figure  of  merit 

R non-dimensionalized  response  surface 

figure  of  merit 
RMS  root  mean  square 

r velocity  relative  to  water  surface 

Sp  frame  spacing 

S„  foremost  station  of  maximum  area 

M 

aftermost  station  of  maximum  area 

T energy-averaged  wave  period 

w 

t time  variable 

tp  stiffener  flange  thickness 

t plate  thickness 

t stiffener  web  thickness 

w 

design  foilborne  speed 

W total  hull  weight 

H 

W primary  hull  structural  weight 

HI 

secondary  hull  structural  weight 
Wg  superstructure  weight 

w applied  load  per  unit  of  length 

x longitudinal  co-ordinate 

y lateral  co-ordinate 

y chine  offset  distance 

c 

yQ  wedge  penetration  in  y direction 

Z section  modulus 

z vertical  co-ordinate 

z waterline  associated  with  wedge  pene- 

tration y 

o 

6 deadrise  angle 

8,,  bow  foil  flap  angle 

D 

6„  main  foil  flap  angle 

A ship  displacement 

V displaced  volume 

C damping  ratio 

0 pitch  angle 

p fluid  density 

aRM  RMS  motion  relative  to  water  surface 

Opy  RMS  velocity  relative  to  water  survace 

T buttock  angle 

0)  frequency  of  encounter 

u>n  undamped  natural  frequency 

u>  wave  frequency 


© IMechE  IS77 


404 


IV. 53 


APPENDIX  A 


We  next  list  the  control  coefficients: 


COEFFICIENTS  OF  EQUATIONS  OF  MOTION 


A3J  = pbFJTlJ(2  * 


(A16) 


A detailed  derivation  of  the  pitch,  heave,  and  flap 
coefficients  is  given  in  Reference  6 and  will  not 
be  repeated  here.  First,  the  pitch  and  heave  co- 
efficients are  listed  using  the  usual  convention 
that  subscript  3 refers  to  heave  and  subscript  5 
to  pitch. 


A33  - irp  Z b(|)2 


B33  = f>U  E SClaC(k) 
C33  - E fc(k) 


(Al) 

(A2) 

(A3) 


B3J  " 4pUbFJcJ^T4J  " li^LaJ0^  T11J)  (A17) 


C3J  = “ ■?,u2bFJcJCLaJC(kJ)  e6J  (A18) 


A5J  = - A3JsJ  + pbFJ(2  ^"(T7J  + PJT1J*  (A19) 


B5J  = pUbFJ{"  TU(2~)2  8J 


+ 8TrCIaJC(kJ)  TllJC^tJ 


A35  - A53  = TTp  E b (y) 2 s 
®53  " ” T311  1 SCLaC(k)  x 


B35  “ UA33  + B53 


C53  “ ” 1 3i^(k)  x 


C35  _ OT33  + C53 


A55  = TTp  E b(”)2  + t§5-  E be4 


128 


B55  " UA35  + S SCLaC(k)  x (s  - f) 
+ If  Ebc’ 


C55  * ^53  + E !^<k>  x* 


(A4) 

(A5) 

(A6) 

(A7) 

(A8) 

(A9) 

(A10) 

(All) 


(2  )3  (T1J  " T8J  “ PJT4J 


where  summation  is  over  all  foil  elements,  c is 
mean  chord,  C^  lift  curve  slope,  b and  S hori- 
zontally projected  span  and  area,  x and  s the  x- 
co-ordinates  of  quarter  and  mid  chord,  respective- 
ly. 


+ 2T11J>} 


(A20) 


2 


C5J  ■ " C3JXJ  - pU  bFJ<f)  (T4J  + T10J>  <A21> 


where  J = B gives  the  forward  foil  coefficients 
and  J = M the  after  foil  coefficients,  bp  is  flap 
span  and  p the  distance  from  the  flap  hinge  line 
to  mid  chord,  divided  by  the  semi-chord. 


da 


T^  “ - cos  p + p/1  - p* 


T?  - - (^  + p2)  cos-1  p 
1 


+ ±p(7  + 2p2)/l  - p2 


(A22) 


8 dB 

is  the  flap  effectiveness  parameter  and 

Tp  - - j(2  + p2)/l  - p 2 + p cos  1 p (A23) 
--1  - j-  - K TT 


(A2A) 


(A25) 


Tg  - - j(l  + 2p2)/l  - p 2 + p cos  1 p (A26) 


. U)C 

k ■ 2U 


(A12) 


is  the  reduced  frequency  and  C(k)  accounts  for  un- 
steadiness effects  (circulation  delay).  As  regards 
C(k),  the  following  expressions  are  used  rather 
than  the  method  of  Reference  6. 


C(k) 

. aik 

1 t + ik 

(A13) 

a 

, A + 2 

1 2AE 

(A14) 

t 

- 2.04(1  - a)  - .923 

(A15) 

where  A Is 

aspect  ratio  and  E the  Jones' 

edge  ve- 

locity  factor  (ratio  of  semi-perimeter  to  span) . 
This  expression  for  C(k)  is  based  on  the  work  of 
R.  T.  Jones  (10). 


Tio  * /nr^r  + “"1 


pz  + cos  p 


Tu  - COS-1  p(l  - 2p)  + (2  - p)/l  - p 2 (A28) 


(A27) 


Turning  finally  to  the  wave  exciting  force  and  mo- 
ment (F3  and  Fj) , these  are  considered  in  somewhat 
more  detail  than  in  Reference  6.  Four  foil  lift 
components  are  distinguished  due  to  wave  action. 
The  first  is  due  to  wave  orbital  velocity  and  is 
estimated  by 


L1  * 2pUSCLaG(k)  WLE 


(A29) 


where  w is  the  vertical  component  of  wave  orbit- 
LE 

al  velocity  at  the  leading  edge  and  G(k)  Is  the 
gust  function,  given  by 
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Gm  . , _ Jlfc  _ a - d)  Ik 

G(k)  1 - t + ifc  - 3 + lk 


.641a  + .468 


(A30) 


(A31) 


which  is  also  based  on  the  work  of  R.  T.  Jones. 

Our  second  component  of  lift  is  due  to  variations 
in  foil  operating  depth: 


1 3Ct 

l2  = -±pU2S^G(k)n 


Sh 


(A32) 


where  Hi/  is  the  wave  elevation  at  quarter  chord 

/ 4 

(foil  depth  is  normally  referenced  to  quarter 
chord) . 

The  last  two  components  of  lift  are  of  much  less 
importance.  One  arises  from  the  variation  in  dy- 
namic pressure  due  to  the  horizontal  component  of 
wave  orbital  velocity,  u,  and  is  approximated  by 


L3  = pUSCLu  y2 


where  the  subscript  1/2  refers  to  mid  chord. 


(A33) 


The  final  component  of  the  wave  forcing  function 
is  simply  the  Froude-Krilof f force,  which  for  thin 
foils  may  be  approximated  by 


ipVu  w i 


(A34) 


where  V is  foil  displacement  and  a)w  wave  frequency. 

Gathering  terms,  we  obtain  the  following  expres- 
sion for  lift  due  to  wave  action: 


Lw  = -fpUSG(k) 


3C. 


C w _ + U-.  ri ! , 
La  LE  dh  1 A, 


+ pUSC,  u i , + ipVoo  w i , 

L / 2 W 12 


(A35) 


We  shall  now  use  the  quarter  chord  as  reference. 
For  gravity  waves. 


Substitution  for  wT„,  ui,  , and  wu  gives 
L t.  / 2 >2 


Lw  ■ i/4^G(k)  iCLaWwexp^’  kwh  + ikwc/4) 


3cl 

+ ^ + ^w  exp("  kwh  " ikwc/4) 


•(CL-“wW)}  (M0) 

whence  we  obtain  the  following  expressions  for  F, 
and  F,.: 


E = E l elk«x 
3 w 


F = - I 1 xe11^ 
5 w 


(A41) 


(A42) 


Figure  A-l  demonstrates  that  the  above  procedures 
gives  a good  estimate  of  the  wave  forcing  function. 
The  experimental  data  are  obtained  from  Reference 
11,  and  the  quantities  plotted  are  defined  below: 


uacl  r itt.  i .n 

^expL"“(^ +1)J 


(A43) 


where  w is  the  amplitude  of  wave  orbital  velocity, 
\ is  wave  length  and 


AC. 


1 |pu2s 


Thus,  in  Figure  A-l, 

ATTENUATION  = | H | 

PHASE  LAG  = arc  tan 


fJaaaMI 

l_Real  (h)J 


(A44) 

(A45) 

(A46) 


Note  that  in  Figure  A-l,  the  dynamic  pressure 
term  has  been  removed  from  the  data. 


WLE  " *“w  eXp(_  kwh  + lkwcM)  n>/4 


U V “w  eXf>(“  kWh  " lkWC/4)  n‘/4 


W1/2' 


iu  l , 


(A36) 

(A37) 

(A38) 


where  h is  foil  mean  depth  and 


a r 

W 

k - — 
w g 


(A39) 


is  wave  number. 
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RESPONSE  SURFACE  COEFFICIENTS  FOR  PEAK  KEEL  IMPACT  PRESSURE 


aQ  = 372.68 


A * ® 

C 

P 

8 

hK 

Vd 

H 

w 

i 

1 2 

3 

4 

5 

6 

7 

8 

ai 

1. 14xl0-2  6.03 

-8. 22x10 2 

-3.09 

-1.92xl02 

-1.45x10* 

-2.59 

2.80x10* 

ali 

-1.82xl0-5  8.36xl0-4 

-3.23xl0"2 

-7 . llxlO-4 

7.52xlO'3 

-5.07xl0”4 

2.56xl0-4 

3.10x10”’ 

a2i 

-1.77x10”  1 

-2.57 

-9.72xl0-2 

-2.50 

-4.90xl0-2 

2.46xl0-2 

2.40x10 

a3i 

5.65xl02 

-1.84 

8.42x10  1 

'-2. 60  1 

4.92x10”  1 

6.39 

a4i 

4.83x10”  1 

3.00 

1.16 

-2.10x10”* 

-2.60 

a51 

2.87x10  1 

1.58* 

1.51x10"* 

-2.37 

a6i 

-8.84x10”  1 

-3.60x10” * 

2.43x10” 

a71 

3.40xl0“2 

9.14x10” 

a81 

5.60x10” 

Table  1| 

PARAMETER  EFFECTIVENESS  FOR  PEAK  KEEL  IMPACT  PRESSURES 


b = - 1.233 
o 


A 

® 

C 

P 

6 

fm 

Vd 

H 

w 

1 

1 

2 

3 

4 

5 

6 

7 

8 

bi 

1.331 

1.000 

2.269 

-35.545 

-6.287 

-60.331 

22.696 

234.430 

bU 

-0.376 

0.088 

-0.333 

- 0.516 

0.156 

- 0.210 

0.265 

3.207 

b21 

-0.094 

-0.134 

- 0.357 

-0.263 

- 0.103 

0.129 

1.261 

b31 

2.896 

- 0.663 

0.868 

- 0.535 

0.253 

3.295 

b4i 

12.271 

2.175 

16.773 

-7.623 

-94.209 

b5i 

0.595 

0.653 

0.156 

- 2.450 

b6i 

- 7.329 

-7.458 

5.044 

b71 

1.758 

47.330 

b81 

*1 

9. 

28.990 

407  © IMccht  1977 


IV. 56 


PARENT  HULL  WEIGHT  DISTRIBUTION 


Pounds 


Bottom  plating  and  stringers 

15,895 

Keel 

4,232 

Bottom  girders 

5,459 

Bottom  transverse  frames 

13,854 

Side  plating  and  stringers 

12,041 

Side  frames 

19,498 

Deck,  upper 

10,191 

lower 

5,649 

Deck  girders,  upper 

7,173 

lower 

1,481 

Deck  beams,  upper 

12,684 

lower 

1,522 

Bulkheads 

17,685 

Deck  pillars 

2,572 

Secondary  structure 

33,588 

Superstructure 

13.258 

, 

176,782 

Total  hull  weight: 

78.92 

long  tons 

Hull  weight  fraction: 

19.73 

per  cent 

Table  3 


RESPONSE  SURFACE  COEFFICIENTS  FOR  HULL  WEIGHT  FRACTION 


a = 0.255 
o 


A ® 

C 

P 

B 

i 

1 2 

3 

4 

ai 

1.84xl0"“-1.95xl0"2 

-1.53x10"  1 

-3.49X10-3 

ali 

1.21x10"7-3.47x10"5 

-2.12x10"“ 

5.80xl0~6 

a2i 

2.48xl0-3 

2.36xlO-2 

-6.75xl0"4 

a3i 

7.38xl0“2 

-1.28xl0-2 

a4i 

4.29x10"“ 

a5i 

a6i 

a7i 

a8i 


FM  hK 

Vd 

Hw 

5 6 

7 

8 

2.75xl0-2  -2 . 77xl0-2 

2 . 54xlO-3 

2.77xlo“2 

1.84xl0_s  9.15xl0"6 

-1.06xl0"6 

-9.91xl0"6 

-4.58xl0_3  -9.40x10"“ 

8. 28x10" 5 

7.53x10““ 

-9.12x10"“  -5.60xl0”3 

6.10x10"“ 

1.14xl0-2 

1.64xl0"3  1.15xl0-3 

-9. 53x10" 5 

-1.45x1 0"3 

3.41xl0-2  2.47xl0”3 

8.77xlO-5 

-2.39xl0"3 

4.81x10"“ 

-2.99x10"“ 

2.06x10"“ 

-1.56xl0"5 

3.78x10"“ 

-6.96xl0"5 

Table  4 
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PARAMETER  EFFECTIVENESS 

FOR  HULL  WEIGHT 

FRACTION 

b =■ 
o 

2.242 

A 

® 

C 

P 

6 

fm 

hK 

Vd 

H 

w 

i 

1 

2 

3 

4 

5 

6 

7 

8 

bi 

-1.000 

-1.263 

-16.448 

-6.828 

-1.488 

-22.327 

5.969 

126.550 

bli 

1.939 

-2.828 

-1.695 

3.263 

0.296 

2.941 

-0.853 

-7.959 

b2i 

1.022 

0.957 

-1.925 

-0.373 

-1.531 

-0.337 

3.066 

b3i 

0.293 

-3.578 

-0.007 

-0.894 

0.244 

4.539 

b4i 

8.453 

0.923 

12.957 

-2.679 

-40.656 

b51 

-0.548 

0.793 

0.070 

-1.919 

a* 

O' 

H* 

3.092 

-4.804 

3.310 

b7i 

-0.628 

15.161 

b8i 

-2.798 

Table  5 

GENERATE 

UNOERWATER 

HULL 


CALCULATE 
RMS  RELATIVE 
VERT  MOTIONS 


Axis  system 


EXTEND 

LINES 

TO  ABOVE 

WATER 

HULL 

CALCULATE 
IMPACT  PRESSURE 
DISTRIBUTION 


STATIONS 

Fig.  3:  Hull  lines— perent  model 


CALCULATE 
HULL  WEIGHT 
FRACTION 


Fig.  1 : Computations!  process 


FRONT  SIDE 

Fig.  4 : Geometry  of  immersed  wedge 


ISOMETRIC 
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BOTTOM 

DECK 

SIDE 

■ r~ 

PARENT 


t 

PARENT 


r .8 

.9 

A 

200 

400 

600 

TONS 

® 

6.0 

6.5 

7.0 

Cp 

.646 

.697 

.748 

P 

21 

25 

29 

DEG 

Fm 

0 7 

0 8 

0.9 

hk 

4 

8 

1 2 

FT 

vd 

40 

45 

50 

KT 

Hw 

5 

10 

1 5 

FT 

Fig.  14:  Peak  keel  pressure-single  parameter  variations 


t 

PARENT 


SIDE 

SUPPORT 


Fig.  15  g-h: 


10  15 

(h)  Hw  (FEET) 


0 1 

Fig.  15  a-c: 


Fig.  1 5 : Hull  weight  components 
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WAVE  LENGTH /CHORD 


"k 


1 


A 

200 

400 

600  TONS 

® 

6.0 

6.5 

7.0 

Cp 

.646 

.697 

.748 

0 

2 1 

25 

29  DEG 

0.7 

0.8 

0.9 

hk 

4 

8 

12  FT 

Vd 

40 

45 

50  KT 

Hw 

5 

10 

15  FT 

Fig.  16:  Hull  weight  fraction— single  parameter  variations 


UJ 

</> 

X 

Q. 


Fig.  A1  : 


Attenuation  and  phase  shift  of  wave  forcing  function 
-AG(EH)  model 
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IV  b} 


AN  EXPERIMENTAL  STUDY  OF  A SUPERVENTILATED 
FINITE  ASPECT  RATIO  HYDROFOIL  NEAR  A FREE  SURFACE 


O.  FURUYA*  and  A.  J.  ACOSTA** 


SYNOPSIS:  Lift  and  drag  measurements  on  a superventilated  flat  plate  hydrofoil  of  aspect  ratio  four  op- 
erating at  various  submergences  beneath  a free  surface  are  presented  and  compared  with  a recent  three- 
dimensional  non-linear  hydrofoil  theory.  The  measurements  provide  reference  data  for  this  type  of  su- 
per-ventilated flow  for  angles  of  attack  up  to  25  degrees.  The  effect  of  gravity  is  small  but  not  negligible 
at  test  Froude  numbers  of  about  six;  despite  this  effect  the  theoretical  predictions  are  quite  satisfactory 
up  to  angles  of  attack  of  about  20  degrees. 


NOTATION: 
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2. 
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^D 

4. 

CL 

5. 

D 

6. 

Fr 

7. 

L 

8. 

S 

9. 

V 

10. 

c 

11. 

g 

12. 

Pc 

13. 

p» 

14. 

s 

15. 

p 

16. 

a 

Angle  of  attack 
Aspect  ratio  (=  s 3/S) 

Drag  coefficient  (=  D/ipY  S) 

Lift  coefficient  (=  L/spV  5) 

Drag  force  parallel  to  the  flow 
direction 

Froude  number  V/\/gc 

Lift  force  normal  to  the  flow 

direction 

Area  of  foil 

Tunnel  velocity 

Root  chord 

Acceleration  of  gravity 
Pressure  inside  the  cavity 
Pressure  at  upstream  infinity  at  the 
depth  of  the  foil 
Span 

Density  of  water 

Cavitation  number  (=(p0c-Pol/4pVa) 


1.  INTRODUCTION.  A great  many  theories  for 
the  calculation  of  the  finite  aspect  ratio  effect  on 
supercavitating  wings  have  appeared  within  the 
last  fifteen  years.  For  the  most  part  these  theo- 
ries because  of  the  well-known  complexities  of 
supercavitating  flows  have  been  linearized  in  the 
treatment  of  the  free  surface  portion  of  the  flow. 
The  added  complications  of  the  finiteness  of  the 
span  have  been  treated  in  a number  of  ways  by 
(with  an  important  exception)  borrowing  aerody- 
namic procedures.  Experiments  have  also  been 
made  to  provide  a data  base  for  the  validation  of 
these  theories.  Some  of  these  results,  theoreti- 
cal and  experimental,  are  touched  upon  in  recent 
reviews  (Acosta,  1973,  Hsu,  1975).  Particularly 
noteworthy  for  their  frequent  citations  in  this  ex- 
perimental literature  are  the  works  of  Johnson 
(1957),  Kermeen  (1961),  Schiebe  & Wetzel  (1961, 
1964),  Kiceniuk  (1964).  Based  on  these  earlier 
experimental  results  and  (essentially)  linearized 
free  streamline  theory  with  aeronautical-type  cor- 
rections supercavitating  wing  design  prodecures 
are  described  by  Altman  (1968). 

Many  of  these  methods  and  supercavitating  hydro- 
foil experiments  themselves  are  applied  to 
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conditions  where  the  linear  theories  are  probably 
not  valid.  This  is  often  due  to  the  practical  diffi- 
culty in  experimental  situations  of  obtaining  a su- 
perventilated or  supercavitating  flow  with  a suffi- 
ciently small  camber,  angle  of  attack,  lift  coeffi- 
cient, etc.  , and  there  is  in  addition  the  desire  to 
obtain  experimental  information  at  large  values  of 
the  flow  parameters.  Thus,  much  of  the  experi- 
mental findings  for  hydrofoils  having  an  angle  of 
attack  greater  than  10  r.egrees  (say)  although  valid 
in  its  own  right  may  not  apply  for  predictions  made 
with  linear  theories.  This  is  true,  for  example,  of 
much  of  the  interesting  work  of  Tsen  it  Guilband 
(1974). 

There  is  the  additional  problem  of  a systematic  ac- 
counting of  the  finite  aspect  ratio  itself.  These 
problems  have  been  recently  addressed  by  Ogilvie 
(1970).  Leehey  & Stellinger  (1975)  describe  a theo- 
ry which  utilizes  linear  free  streamline  section 
theory  and  an  aspect-ratio  effect  correct  through 
second  order.  Their  experiments  show  good  cor- 
relation for  lift  down  to  an  aspect  ratio  of  three  but 
drag  is  not  so  well  predicted. 

There  is  currently,  still  interest  evidenced  in  the 
design  of  practical  hydrofoils  of  finite  aspect 
ratio.  Generally,  the  design  features  include 
rounded  noses  and  other  geometric  features  which 
require  for  sufficient  accuracy  the  use  of  a full, 
non-linear  free-streamline  analysis.  See,  e.  g.  , 
the  experiments  of  Holling  (1975),  the  designs  of 
Baker  (1975)  and  design  considerations  of  Wang  & 
Shen  (1975).  There  is  then,  ample  motivation  to 
increase  the  available  experimental  reference 
base  particularly  for  hydrofoils  of  finite  aspect 
ratio  near  free  surfaces  operating  under  conditions 
where  these  non-linear  free-streamline  effects  are 
important.  Some  preliminary  steps  in  this  direc- 
tion have  already  been  taken  by  Barker  & Ward 
(1975)  and  some  of  the  configurations  studied  by 
Tsen  & Guilband.  Yet  these  approaches  are  pri- 
marily experimental  because  until  a comparatively 
short  time  ago,  a self-consistent,  near-surface, 
non-linear,  supercavitating,  finite  aspect-ratio 
calculation  procedure  was  not  available  for  test. 
Very  recently  however,  one  such  method  has  be- 
come available  which  does  take  all  these  factors 
into  account  (Furuya  1975  a,  b).  With  the  aid  of 
this  work  it  has  been  possible  to  make  compari- 
sons with  experiments  such  as  those  of  Schiebe 
& Wetzel  which  are  well  into  the  non-linear 
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regime.  Calculations  ol  lift  coefficient  up  to  20 
degrees  angle  of  attack  agreed  very  well  with  their 
findings,  for  example,  even  for  an  aspect  ratio  of 
2.  5.  There  were,  however,  some  discrepancies 
with  drag  and  it  was  not  known  whether  these  were 
due  to  the  experiments  or  to  some  deficiency  of 
the  analysis. 

For  all  of  the  above  reasons  it  appeared  to  be  very 
desirable  to  carry  out  one  or  more  additional  ex- 
periments in  a supercavitating  or  superventilating 
flow  whose  chief  purpose  would  be  to  provide  accu- 
rate forces  and  geometry  of  flow  to  test  the  non- 
linear analysis  mentioned  before.  In  the  following 
sections  the  apparatus  to  do  this  is  described.  The 
measurements  of  the  forces  and  the  tare  correc- 
tions are  then  outlined  followed  by  a detailed  com- 
parison of  experiment  with  theory.  Only  one  hy- 
drofoil, (flat-plate,  tapered  of  aspect  ratio  four) 
is  tested  in  the  present  work.  As  will  be  seen  the 
analysis  provides  good  estimates  of  lift,  drag,  and 
cavity  length  well  into  non-linear  regions  of  angle 
of  attack  and  cavitation  number.  It  appears  there- 
fore that  the  non-linear  analysis  mentioned  before 
has  some  potential  as  a design  technique;  for  this 
reason  a brief  description  of  it  and  related  work  is 
presented  in  the  next  section. 

2,  THEORETICAL  BACKGROUND.  Analysis  of 
supercavitating  flow  configurations  of  interest  in 
naval  hydrodynamic  applications  differ  in  two  im- 
portant respects  from  subsonic  aerodynamic  pro- 
cedures. The  first  of  course  is  the  unknown 
shape  of  the  free  surface  forming  the  cavity  con- 
nected with  the  body.  The  second  is  of  interest 
fov  lifting  bodies  and  it  is  the  establishment  of  the 
proper  undistrubed  reference  level  for  flows  (cav- 
itating  or  not)  which  take  place  near  a free  sur- 
face such  as  that  of  the  ocean  or  towing  tank.  Be- 
cause of  the  upwash  induced  by  the  bound  and  shed 
vorticity,  the  position  of  the  free  surface  near  the 
body  can  differ  markedly  from  the  undisturbed 
level  far  upstream  and  it  too  is  not  known  in  ad- 
vance. In  fact,  as  an  elementary  example  will 
show,  in  two  dimensional  unbounded  flow  the  up- 
stream level  becomes  logarithmically  infinite  far 
upstream.  But  this  academic  curiosity  is  re- 
moved by  the  slightest  consideration  of  gravity, 
the  presence  of  a finite  bottom  or  (even  in  un- 
bounded flow)  finiteness  of  span.  This  point  was 
recognized  by  Johnson  (1957)  in  his  early  calcula- 
tions but  it  was  not  until  the  work  of  Shen  and 
Ogilvie  (1972)  on  planing  surfaces  that  a system- 
atic procedure  was  developed  for  the  determina- 
tion of  this  undisturbed  reference  level  in  gravity- 
free  flows  with  finite  aspect  ratio.  This  point  is 
hardly  academic  because  depending  upon  aspect 
ratio  a planing  surface  or  hydrofoil  may  ride  en- 
tirely above  the  undisturbed  upstream  level! 

Shen  and  Ogilvie  tackled  their  planing  problem  by 
the  method  of  matched  asymptotic  expansions.  In 
this  (briefly)  a local  two-dimensional  flow  near 
the  body  containing  all  details  of  profile  shape, 
cavitation  number,  etc.  is  blended  systematically 
to  one  far  from  the  body.  Essentially  this  far 
field  flow  is  that  of  a lifting  line.  Thus,  all  local 
two-dimensional  flow  details  such  as  the  foil  pro- 
file and  the  cavity  also  shrink  to  a point  in  the  far 
field.  The  lifting  line  is  taken  to  be  on  the  undis- 
turbed water  surface.  The  two  regions  are 
scaled  by  a small  parameter,  the  inverse  of  the 
aspect  ratio.  The  extent  of  the  local  or  inner 
flow  is  proportional  to  this  parameter  and  the  ex- 
tent of  the  far  field  or  outer  flow  is  inversely 
proportional  to  it.  Certain  parameters  in  each  of 
the  flow  fields  depend  upon  conditions  in  the  other 


and  these  are  determined  together  with  the  match- 
ing procedure  described  at  length  by  Ogilvie  (1970). 
Shen  and  Ogilvie  carried  through  this  process  for 
the  planing  surface,  the  local  level  of  the  free  sur- 
face being  determined  as  a part  of  the  solution. 
Furthermore,  their  inner  solution  was  the  non-lin- 
ear planing  solution  for  a flat  plate  of  infinite 
chord.  The  fact  that  it  was  not  necessary  to  lin- 
earize the  inner  two-dimensional  flow  was  also 
pointed  out  by  Ogilvie  (1970). 

The  same  approach  was  used  subsequently  by  Shen 
(1973)  to  formulate  the  hydrofoil  problem  although 
no  computations  were  made.  More  recently,  the 
whole  prodecure  has  been  reconsidered  by  (Furuya, 
1975b);  the  original  non-linear  two-dimensional 
theory  of  Wu  and  Wang  (1964)  was  modified  to  in- 
corporate the  nearby  free  surface  effect  and  all 
aspects  of  profile  camber  and  leading  edge  blunt- 
ness (Furuya,  1975c).  The  finite-aspect  ratio  ef- 
fect was  found  to  be  equivalent  to  the  Prandtl  lift- 
ing line  theory,  the  submergence  of  the  complete 
hydrofoil  beneath  the  undisturbed  upstream  surface 
being  specified  in  advance.  Within  the  limitation 
of  the  aspect  ratio  correction,  all  details  of  cav- 
ity shape,  pressure  distributions,  etc.  for  practi- 
cal hydrofoils  can  be  determined. 

3.  EXPERIMENTAL  APPARATUS  AND  DATA 
MEASUREMENT.  The  test  hydrofoil  has  a flat 
lower  surface  with  a sharp  leading  edge  and  a par- 
tially tapered  planform  (see  Figs.  1).  The  taper 
was  chosen  to  simulate  somewhat  an  elliptic  load- 
ing and  to  avoid  the  strong  tip  vortex  cavities  evi- 
dent on  rectangular  planforms.  The  aspect  ratio 
is  four.  Particular  attention  has  been  paid  to  the 
structure  of  the  support  system;  the  foil  is  sup- 
ported at  the  trailing  edge  by  an  "annex"  which  is 
in  turn  attached  to  the  support  strut  (Fig.  lc).  The 
purpose  of  this  arrangement  is  intended  to  mini- 
mize the  strut  downwash  effect  on  the  foil  and  to 
avoid  interference  of  the  strut  with  the  cavity  sur- 
face over  the  foil.  The  complete  test  set-up  is 
shown  in  Figs.  2;  three  tubes  can  be  seen  in  these 
photographs.  Two  supply  ventilating  air  to  the  holes 
near  the  leading  edge  and  behind  the  foil,  seen  in 
Fig.  2(la)  and  the  other  is  used  to  measure  the 
pressure  within  the  cavity.  The  hydrofoil- strut 
assembly  is  attached  to  a six  component  strain 
gage  balance  (see  Fig.  2c).  This  is  in  turn  sup- 
ported by  an  elevation  and  angle  of  attack  adjust- 
ing mechanism  not  shown.  The  force  capability  of 
the  balance  is  360Nin  lift  and  11  ON  in  drag.  The 
strain  gage  outputs  are  conditioned  and  punched 
onto  data  cards  together  with  the  other  experimen- 
tal parameters  for  subsequent  processing. 

The  tests  themselves  were  made  in  the  Free  Sur- 
face Water  Tunnel  (FSWT)  at  the  Institute.  The 
maximum  tunnel  speed  is  about  7.6  m/s  and  the 
working  section  is  0.  508  m square  by  about  2.  4 m 
in  length.  A vacuum  system  is  available  which 
makes  working  section  pressures  down  to  0.09  atm 
possible.  But  even  at  the  maximum  available  tun- 
nel speed  the  minimum  cavitation  index  for  vapor- 
ous cavitation  would  be  only  0.  3.  For  this  reason 
the  forced  ventilation  technique  was  adopted  to  a- 
chieve  index  values  near  zero.  Provided  the  flow 
is  steady  and  the  cavities  are  sufficiently  longer 
than  the  chord  the  resulting  flow  closely  approxi- 
mates that  of  vaporous  cavitation.  The  airflow  it- 
self was  provided  by  regulated  house  air;  the  vol- 
ume flow  rate  was  determined  by  conventional 
"flow  rators".  Both  tunnel  speed  and  cavity  pres- 
sure were  measured  with  manometers.  Some 
care  was  needed  to  ensure  reliable  cavity  pres- 
sure measurement  particularly  for  short  cavities. 
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Then  a 'purge'  of  pressurized  air  via  a two-way 
valve  was  found  necessary  to  clear  the  piezometer 
and  the  actual  readings  were  made  quickly  thereafter. 

The  FSWT  is  particularly  convenient  for  experi- 
ments of  the  present  type  because  the  hydrofoil  and 
cavity  are  visible  from  both  the  sides  and  bottom. 

It  was  possible  therefore  to  photograph  simultane- 
ously side  views  and  bottom  views  to  obtain  the 
conformation  of  the  cavity  and  the  free  surface.  A 
light  flash  of  about  10  microsecond  duration  was 
used  for  this  purpose.  Visual  observation  of  the 
cavity  under  strobe  illumination  was  also  particu- 
larly interesting  as  it  revealed  under  some  condi- 
tions a type  of  resonant  cavity. 

4.  THE  EXPERIMENTS. 

Variables:  Measurements  of  lift  and  drag  forces 
were  made  for  several  tunnel  speeds  and  at  nomi- 
nal submergence  depths  of  0.  5,  1 and  2 chords  be- 
neath the  undisturbed  upstream  water  surface.  The 
foil  was  set  at  angles  of  attack  of  15  degrees  to 
25  degrees;  the  lowest  value  was  chosen  to  ensure 
that  ventilated  cavity  did  not  interfere  or  contact 
any  part  of  the  upper  surface  of  the  foil  on  the  air 
supply  and  measurement  tubes.  These  values  of 
angle  of  attack  are  all  rather  large  from  the  stand- 
point of  desirable  values  of  lift-drag  ratio.  As 
mentioned  previously,  however,  they  were  chosen 
deliberately  to  be  well  into  the  non-linear  region  to 
provide  a better  measure  of  the  theory. 

It  /as  possible  to  operate  the  tunnel  up  to  7.  3 m / s. 
Because  the  effect  of  gravity  is  neglected  in  the 
theory  it  was  desirable  to  carry  out  tests  at  the 
highest  practicable  Froude  number  to  reduce  this 
unwanted  effect.  In  the  present  tests  the  maximum 
possible  chord  Froude  number  was  9.  69  at  the  top 
tunnel  speed.  There  were  limitations  in  the  supply 
of  ventilating  air  for  some  combinations  of  test  pa- 
rameters and  for  that  reason  a lower  tunnel  speed 
of  4.  6 m/s  was  used  for  most  tests.  For  one  set 
of  geometric  parameters  the  effect  of  Froude  num- 
ber on  lift  and  drag  was  explored  from  the  lowest 
value  of  Froude  number,  4.  04,  to  the  highest,  9.69, 
but  all  other  measurements  were  made  at  the  inter- 
mediate tunnel  speed  of  4.  6 m/ s and  Froude  num- 
ber of  6.  06. 

Tares  and  strut  interference:  The  measured  forces 
include  spray  and  viscous  drag  on  the  supporting 
strut.  In  addition  there  is  a mutual  interference 
between  the  strut  and  the  hydrofoil  itself.  The 
present  work  is  intended  to  provide  basic  data  on 
the  hydrofoil  only  and  not  the  entire  assembly.  For 
this  reason  it  is  necessary  to  obtain  some  estimate 
of  the  interference  effect  as  well  as  the  tare  forces 
upon  the  strut.  These  tare  forces  could  have  been 
avoided  by  employing  a shielded  strut  (see  e.  g.  , 
Kiceniuk  1964)  but  in  any  case  the  interference  re- 
mains. Both  of  these  effects  were  experimentally 
determined  in  the  present  work  by  attaching  an  im- 
age strut  to  the  bottom  of  the  tunnel.  This  image 
strut  was  used  in  two  ways;  tare  forces  on  the  strut 
were  obtained  by  mounting  the  hydrofoil  on  the  im- 
age strut  and  measuring  the  resultant  forces  on  the 
support  strut  alone.  Care  was  taken  to  see  that 
the  air  supply  and  measurement  tubes  which  bridge 
the  gap  between  the  supporting  strut  and  the  hydro- 
foil did  not  exert  significant  forces.  Strut  inter- 
ference measurements  were  made  by  bringing  up 
the  image  strut  to  penetrate  the  cavity  immediately 
downstream  of  the  hydrofoil.  The  cross  section  of 
the  image  strut  was  the  same  as  that  on  the  sup- 
porting strut. 

The  three  kinds  of  experimental  set-ups  are  shown 
schematically  in  Fig.  3 and  a photograph  of  a tare 


run  is  shown  in  Fig.  4.  It  was  possible  in  this  way 
to  obtain  drag  and  lift  tares  on  the  supporting  strut 
over  the  range  of  variables.  Some  of  these  are 
shown  in  Figs.  A-l  of  the  Appendix  from  which  it 
may  be  seen  that  the  effect  on  drag  is  quite  signifi- 
cant as  to  be  expected  and  the  effect  on  lift  is  com- 
paratively modest. 

The  effect  of  the  image  strut  was  always  to  in- 
crease the  observed  lift;  some  representative  data 
are  included  in  Figs.  A-2,  A-3  from  which  it  is 
seen  that  the  effect  is  greater  at  smaller  angles  of 
attack  and  for  smaller  submergences.  These  dif- 
ferences are  not  negligible  being  up  to  about  ten 
percent  on  lift  in  the  worst  case.  The  primary  ef- 
fect of  the  image  strut  is  to  cancel  the  downwash of 
the  support  strut.  The  present  method  does  not 
perfectly  achieve  this  cancellation  due  to  the  inher- 
ent lack  of  symmetry  of  the  basic  flow.  However, 
according  to  the  calculations  of  Hwang  (1965)  the 
downwash  effect  is  a local  one.  We  therefore  take 
the  supporting-strut  interference  to  be  equal  to  the 
measured  difference  in  forces  with  and  without  the 
image  strut.  There  is  a curious  anomaly  in  the  in- 
terference data  seen  in  Fig.  A-3;  the  normally-ex- 
perienced increase  in  lift  and  drag  is  absent  for 
the  large  angle  of  attack,  2 5 degrees  and  deepest 
submergence.  Each  of  the  data  points  of  this  fig- 
ure requires  a different  experimental  set-up.  This 
one  point  is  so  at  variance  with  the  trend  that  it  is 
tempting  to  dismiss  it.  Instead,  no  strut  interfer- 
ence corrections  are  applied  to  this  one  case. 

The  experimental  results  which  are  then  to  be  com- 
pared with  the  theory  are  first  reduced  to  tunnel 
axes  (from  the  body  axes  of  the  experiment),  tare 
drag  and  lift  are  subtracted  and  the  interference 
strut  lift  and  drag  are  subtracted.  In  addition,  an 
assumed  laminar  drag  coefficient  on  the  foil  wetted 
surface  is  also  subtracted;  this  is  actually  negligi- 
ble in  the  present  tests. 

No  corrections  for  any  tunnel  wall  effect  due  to 
lift  or  cavity  effect  were  made  to  the  data. 

5,  DISCUSSION. 

Effect  of  Froude  Number:  The  basic  influence  of 
gravity  was  explored  only  for  one  flow  configura- 
tion, a submergence  of  one  chord  and  angle  of  at- 
tack of  20  degrees.  These  data-uncorrected  for 
strut  interference-are  shown  in  Figs.  5.  Perhaps 
surprisingly  there  is  not  a monotone  approach  of 
lift  or  drag  to  infinite  Froude  number.  The  differ- 
ences in  forces  observed  at  the  test  Froude  num- 
ber (6.  06)  and  the  highest  one  attained  are  small, 
about  3 percent  for  the  lowest  cavitation  index,  but 
rise  to  about  ten  percent  for  large  values  of  the 
index.  The  trends  of  both  lift  and  drag  are  very 
similar  to  the  earlier  results  of  Johnson 
(1 957)  although  his  aspect  ratio  and  submergence 
are  Doth  smaller.  A similar  gravity  effect  on  su- 
percavitating  hydrofoils  has  also  been  recently  ob- 
served by  Kramer  (1975).  We  do  not  know  the  rea- 
son for  this  behavior  and  consequently  have  made 
no  attempt  to  offer  experimentally  derived  Froude 
number  corrections  to  the  present  results.  It 
would  appear  that  further  effort,  experimental  and 
theoretical,  would  be  useful  in  clarifying  this  grav- 
ity effect  in  supercavitating  flows. 

Lift  and  Drag:  Corrected  lift  and  drag  results  for 
the  hydrofoil  are  shown  in  Figs.  6-8  for  the  sub- 
mergence values  of  0.  5,  1,2  chords  respectively. 
(All  of  the  data  points  recorded  are  plotted  on 
these  figures.  ) Also  shown  are  the  results  of  com- 
putations based  upon  the  recent  theory  already 
mentioned  including  an  improvement  to  handle 
t 

Furuya  loc  cit. 
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the  case  of  small  cavitation  index  (Furuya  1975c). 
There  are  several  interesting  trends  of  these  re- 
sults. Both  theory  and  experiment  show  the  fa- 
miliar trend  to  1 »er  lift  coefficients  as  the  sub- 
mergence in  es.  The  theory  gives  (by  con- 

struction) a lii,  urag  ratio  of  cot  a for  the  present 
flat  plate  hydrofoil.*  The  experimental  measure- 
ments do  not  quite  agree  with  this  reference  value. 
For  the  two  smaller  submergences  and  angles  of 
attack  of  15  and  20  degrees,  the  experimental  re- 
sults indicate  that  the  resultant  hydrodynamic 
force  is  within  a percent  or  so  of  being  normal  to 
the  wetted  surface  of  the  hydrofoil  which  is  consid- 
ered quite  satisfactory.  This  internal  consistency 
of  the  experimental  results  is  not  so  good  at  the 
largest  angle  of  attack  nor  for  the  deepest  submer- 
gence of  two  chords.  In  this  case  discrepancies  up 
to  6 percent  (with  a systematic  trend  to  values  of 
LTD)  lower  than  cot  a are  seen  in  a few  cases.  The 
reasons  for  this  behavior  are  unknown  and  point 
out  the  difficulty  of  measuring  tare  forces 
accurately. 

In  general  the  agreement  with  the  prediction  meth- 
od and  experiment  is  quite  satisfactory,  particu- 
larly for  a submergence  of  0.  5 chords  (Figa  6a, b). 
The  lift  coefficient  is  seen  to  be  reasonably  close 
but  somewhat  smaller  to  that  calculated.  There 
appears  to  be  a systematic  trend  for  the  lift  to  in- 
crease faster  with  cavitation  number  than  indicated 
by  the  theory.  This  is  more  evident  at  the  deeper 
submergences  where  it  appears  that  the  theory 
overestimates  lift  force  by  about  7 percent  at 
an  angle  of  attack  of  2 5 degrees.  Both  lift  and 
drag  seem  very  well  represented  by  the  theory  for 
an  angle  of  attack  of  15  degrees;  drag,  if  anything, 
seems  better  predicted  than  lift  although  with  the 
present  experiment  on  a flat  profile  that  can  only 
be  coincidental. 

A similar  comparison  of  theory  with  the  experi- 
ments of  Schiebe  k Wetzel  (1961)  was  carried  out 
by  Furuya  (1975b).  The  experimental  planform 
was  rectangular  in  this  case;  the  aspect  ratio  was 
varied  from  2.  5 to  6 and  the  submergence  was  var- 
ied from  1 to  2 chords.  The  experimental  trends 
are  much  the  same  as  in  the  present  work  but  for 
smaller  values  of  angle  of  attack.  These  trends 
are  well  predicted  by  the  computations  even  for  the 
lowest  aspect  ratio.  But  as  in  the  present  work 
there  is  a tendency  for  lift  to  be  overestimated 
somewhat  for  the  largest  angles  of  attack  (16.  5 and 
20  degrees).  A strut  induced  downwash  effect  was 
no  doubt  present  in  the  Schiebe  & Wetzel  experi- 
mental results  even  with  the  slender  strut  used  but 
no  direct  account  of  this  effect  has  been  made. 

It  appears  from  these  comparisons  of  experiment 
with  theory  and  the  present  ones  of  Figs.  6-8  that 
the  non-linear  calculation  procedure  offers  a good 
predictive  technique  on  flat  plate  foils  for  angles  of 
attack  up  to  about  20  degrees.  There  are  limita- 
tions, however,  in  both  theory  and  experiment. 
Gravitational  effects  on  the  present  type  of  flow 
need  to  be  clarified  for  test  Froude  numbers  less 
than  about  ten  if  experimental  results  are  to  be 
used  for  comparison  to  gravity-free  computations 
to  within  a few  percent.  The  method  of  computation 
referred  to  (Furuya  1 975b)  assumes  the  relevant  char  - 
acteristic  dimension  of  importance  to  be  the  span;  the 


The  computations  of  Furuya  show  satisfactory  a- 
greement  in  this  respect  except  for  the  large  angle 
of  attack.  The  lift  in  this  case  is  a little  low  indi- 
cating incomplete  convergence  of  the  iterations. 
The  drag  computations  are  to  be  preferred  in  this 
case. 


submergence  and  cavity  length  are  therefore,  to  be 
scaled  to  the  chord  so  that  a lifting  line  becomes 
the  correct  physical  approximation  in  the  outer 
flow  as  the  aspect  ratio  becomes  large.  But  in  the 
present  experiments  the  submergence  of  two 
chords  is  one-half  the  span  and  for  those  of  Schiebe 
& Wetzel  the  submergence  and  span  are  nearly 
equal  for  the  lowest  aspect  ratio  tested.  In  addi- 
tion, the  length  of  the  experimental  cavities  for  the 
lower  cavitation  numbers  is  also  comparable  to  the 
span.  It  is  thus  seen  that  the  experiments  do  not 
closely  conform  to  the  requirements  needed  for  the 
theory  to  be  strictly  valid.  Perhaps  departures 
from  these  requirements  have  only  a weak  effect  on 
the  resulting  overall  forces.  In  any  case,  the  pre- 
diction method  of  Furuya  should  work  best  for  a 
small  submergence  and  cavitation  numbers  such 
that  the  resultant  cavities  are  shorter  than  the 
span.  This  appears  to  be  the  case  as  can  be  seen 
in  Fig.  6. 

Cavity  Parameters:  The  shape  and  planform  of  the 
cavity  is  shown  in  Fig.  9 for  a submergence  of  two 
chords;  in  the  first  of  these  the  cavity  is  quite 
short  and  it  coincides  roughly  with  the  transition  to 
partial  cavitation.  The  re-entrant  jet  at  the  termi- 
nus of  the  cavity  may  occasionally  wet  the  end  of 
the  foil.  This  condition  more  or  less  corresponds 
to  peak  of  the  lift  coefficient  seen  in  Fig.  8a.  The 
length  of  the  cavity  increases  with  decreasing  cav- 
itation number,  and  in  the  present  experiments, 
resulted  in  the  unstable  pulsating  cavity  seen  in 
Fig.  9d. 

It  is  always  of  interest  to  know  the  amount  of  air 
required  to  establish  the  ventilation  flow  rate.  In 
the  present  work  the  required  mass  flow  of  gas  is 
normalized  by  the  mass  flow  of  water  passing 
through  the  projected  frontal  area  of  the  foil.  As 
can  be  seen  in  Fig.  10  this  normalizes  the  data 
well*.  Also  marked  on  this  diagram  is  the  start 
of  resonant  cavity  pulsations  which  for  the  present 
tests  had  a frequency  of  about  45  Hz.  This  inter- 
esting feature  of  some  ventilated  tests  was  first 
described  by  Silberman  & Song  (1959),  Song  (1961), 
Hsu  & Chen  (1962)  and  more  recently  by  Scheibe 
& Wetzel  (1964). 

The  cavity  length  and  shape  are  also  of  interest. 
From  photographs  of  the  type  seen  in  Fig.  9,  the 
planform  of  the  cavity  can  be  scaled  to  the  chord. 
Two  such  examples  together  with  predictions  made 
with  the  previously  mentioned  calculation  are 
shown  in  Fig.  11.  The  agreement  is  very  good. 
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This  may  be  converted  to  the  more  usual  volumet- 
ric flow  rate  coefficient  by  multiplying  the  present 
results  by  832. 
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APPENDIX: 

A.  1.  Tare  Force  Data.  Typical  examples  of  the 
tare  forces  on  the  supporting  strut  are  shown  in 
Figs.  A-I.  Measurements  were  also  made  for  an- 
gles of  attack  of  1 5 degrees  and  25  degrees  but  are 
not  shown.  The  submergence  depths  in  these 
measurements  are  somewhat  different  from  data 
runs  due  to  the  limitation  of  adjustment  in  the  im- 
age strut  height;  those  are  one  chord  at  angle  of  at- 
tack of  1 5 degrees,  0.  46,  . 077  and  1.  63  chords  at 
20  degrees  and  0.  78  chords  at  25  degrees.  For 
each  tare  run,  measurements  were  made  over  a 
complete  range  of  cavitation  numbers  (from  the 
shortest  cavity  before  it  reaches  the  end  of  annex 
to  the  longest  cavity  available  with  the  present  air 
supply  system).  Linear  extrapolation  and  interpo- 
lations were  made  to  obtain  tare  lift  and  drag 
forces  ACu  t and  ACor  for  general  conditions  by 
the  formulas 

AClt=ACi.to  +fixa(Qf  - ao)+fi_Th(^"^o)  * i ~ &o) 

ACor  = ACoTO  + foTtt(0f  “ ao)  4 ^DTh(h  - ho)  + f DT  “ °o) 

where  AClto  and  ACdto  are  the  tare  lift  and  drag  at 
a certain  angle  of  attack,  submergence  depth  and 
cavitation  number,  or0,  ho,  and  C0  respectively.  In 
the  present  corrections  20  degrees,  one  chord  and 

0.  12  were  chosen  for  or0,  ho  and  a0  respectively. 
fLTCy  in  these  expressions,  for  example,  is  a func- 
tion obtained  by  curve  fitting  of  the  measured  tare 
lift  as  a function  of  angle  of  attack  with  the  sub- 
mergence and  cavitation  number  kept  constant.  It 
is  therefore  noted  that  lna>  are  zero  at  a0,  ho  and 
a0.  These  data  are  decomposed  into  those  in  par- 
allel to  and  normal  to  the  flow  direction  and  sub- 
tracted from  also  decomposed  raw  data. 

A.  2,  Supporting  Strut  Correction  Data.  Fig.  A-2 
shows  a typical  example  of  the  lift  and  drag  forces 
with  and  without  the  image  strut.  It  is  clearly 
seen  that  the  flow  simulating  no  strut  condition 
gives  higher  lift  and  drag  forces  than  that  with  the 
supporting  strut. 

The  effect  of  the  image  strut  as  a function  of  sub- 
mergence is  shown  in  Fig.  A-3.  In  most  cases 
the  comparison  again  shows  that  the  data  with  the 
image  strut  gives  higher  Cl  and  C0  values  than 
those  without  the  image  strut  except  for  an  angle 
of  attack  of  25  degrees  and  submergence  depth  of 

1.  6 chords.  This  is  only  one  data  point  which  is 
inconsistent  from  others  in  the  present  experi- 
ment. The  tare  forces  on  the  strut  are  measured 
(of  necessity)  in  the  presence  of  the  image  strut 
and  so  are  not  precisely  those  of  the  actual  experi- 
ment. The  difference  is  believed  to  be  very  slight. 

It  must  be  mentioned  that  the  data  points  of  the 
strut  correction  measurements  are  also  different 
from  those  of  data  run.  Particularly,  the  sub- 
mergence depths  were  set  at  0.  58, 0.9  and  1.  76 
chords,  for  angle  of  attack  of  15  degrees,  0,  5, 

0.  76,  1.  68  for  20  degrees  and  0.  41 , 0.71, 

1.62  for  25  degrees.  The  correction  for  the 
strut  was  thus  made  exactly  in  the  same  way  as 
done  for  the  tare  forces.  After  decomposition, 
these  data  are  also  subtracted  from  the  raw  data. 
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Fig.  1:  (c) 


Fig.  1 : Design  details:  (a)  foil,  (b)  annex,  (c)  support  strut 
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Fig.  2:  lb) 


Fig  2:  Photographs  of  the  strut-hydrofoil  assembly: 

(a)  side  view  with  force  balance 

(b)  view  showing  the  lower  wetted  surface  of  the 
foil  and 

(c)  photograph  from  above  the  strut  and  force 
balance  assembly  mounted  in  the  water  tunnel. 
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Supporting  Strut 
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Fig.  3:  Schematic  diagram  showing  the  experimental 
set-ups  used  for 

(a)  data  run 

(b)  tare  run  and 

(c)  strut  correction  run. 


Fig.  4:  Photograph  showing  a tare-run  in  which  the  foil 
is  attached  to  the  image  strut  and  tare  forces  are 
measured  on  the  supporting  strut. 
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Fig.  6:  (a) 


© IMcchF  1977 


LIFT  COEFFICIENT  CL 


DRAG  COEFFICIENT  CD 

0.05  0.10  0.15  0.20  0.25  0.30 


IV  '5 


CAVITATION  NUMBER  CT 


CAVITATION  NUMBER  CT 

Fig.  6:  (b) 


Fig  6 Lift  and  drag  coefficients  at  a submergence  depth 
of  0 5 chord  in  comparison  with  the  theory  of 
Furuya  (1975b).  The  chord  Froude  number  is  6 06 
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Fig.  7:  (a) 
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Fig.  7:  (b) 


Fig.  7:  Lift  and  drag  coefficients  at  submergence  depth 
of  one  chord  in  comparison  with  the  theory  of 
Furuya  (1975b).  The  chord  Froude  number  is  6.06 


429 


© IMechE  1977 


LIFT  COEFFICIENT  CL 

0.0  0.1  0.2  0.3  0.4  0.5 


CAVITATION  NUMBER  CT 


DRAG  COEFFICIENT  CD 

0.0.  0.05  0.10  0.15  0.20  0.25  0.30 


IV. 79 


CAVITATION  NUMBER  CT 


Fig.  8:  (b) 


Fig.  8:  Lift  and  drag  coefficients  at  submergence  depth 
of  two  chords  in  comparison  with  the  theory  of 
Furuya  (1975b).  The  chord  Froude  number  is  6.06. 
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Fig  9:  A sequential  set  of  photographs  with  change  of 
cavitation  number  sigma  for  an  angle  of  attack  of 
15  degrees  and  submergence  depth  of  two  chords 
at  a tunnel  velocity  of  15  feet  per  second; 

(a)  a = 0.218.  (b)  a = 0.115.  (c)  a = 0 086. 

(d)  n 0 069 


Fig.  9:  (d) 
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Fig.  10:  Normalized  air  mass  flow  rate  versus  cavitation 
number  for  a chord  Froude  number  of  6.06.  The 
boundary  of  the  occurrence  of  cavity  pulsation  is 
indicated. 


Fig.  11 : Spanwise  distributions  of  cavity  length  at  an 
angle  of  attack  of  15  degrees,  one  chord 
submergence  and  chord  Froude  number  of  6.06. 
In  (a)  the  cavitation  index  is  0.13  and  in  (b)  it  is 
0 072 
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Fig.  A-1:  (a) 
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Fig.  A-1  . Typical  tare  forces  on  the  supporting  strut  at  an 
angle  of  attack  of  20  degrees;  (a)  tare  lift 
coefficient  and  (b)  tare  drag  coefficient. 
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Fig.  A-2:  (b) 


Fig.  A-2:  Comparison  of  (a)  lift  coefficient  and  (b)  drag 
coefficient  with  and  without  the  image  strut  at 
an  angle  of  attack  of  20  degrees  and  submergence 
depth  of  0.5  chord.  These  data  are  corrected 
strut  tare  and  drag  and  lift. 
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Fig.  A-3:  Comparison  of  (a)  lift  coefficient  and  (b)  drag 
coefficient  with  and  without  the  image  strut  as 
a function  of  submergence  depth.  The  cavitation 
index  is  0.12  for  all  data  points. 
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THE  RESULTS  OF  THE  EXPERIMENTAL  INVESTIGATION 
OF  THE  SKIRT  PARAMETERS  INFLUENCE  ON 
RESISTANCE  AND  STABILITY  CHARACTERISTICS  OF  A 
HOVERCRAFT 

I BRZOSkA.  I.  KOBYI.INSkl.  \1  kRFZE LFVVSkl  and  k PAM 
Ship  Research  Institute,  Gdansk  Technical  l niversitv  Poland 


During  last  flva  years  an  extensive  research  programme  of  particular  typa  of  hover- 
craft has  been  performed  at  Shin  Research  Institute  in  Gdahsk.  The  programme  consisted 
mainly  of  extensive  experimental  Investigations  in  model  scale  of  resistance  and  sta- 
bility characteristics  of  amphibious  hovercraft  equipped  with  skirts  without  compart- 
mentation  of  cushion.  There  were  tested  eight  models  of  the  skirts  on  ground  at  zero 
speed  and  on  water  in  the  range  of  speed  from  zero  to  2,5  Fn  / Froude  number  /. 

The  experiments  were  conducted  by  the  method  elaborated  at  SRI. 

In  the  paper  are  presented  main  results  of  the  experimental  investigation,  namely  the 
influence  of  main  skirt  parameters'i°attitude  of  the  model  and  its  speed  on  damping 
coefficients,  metacentric  height  and  total  resistance.  The  great  influence  of  skirt 
parameters  on  total  resistance  was  observed  for  the  models  having  the  same  weight, 
speed  and  skirt  bag  feeding  system. 

In  the  paper  there  are  given  several  useful  data  on  designing  of  simple  hovercraft 
skirt  basing  on  the  results  of  the  experiments. 


INTRODUCTION 


The  elastic  skirt  the  most  important 
part  of  the  hovercraft,  is  subject  of 
constant  development.  Many  different  va- 
riations of  the  elastic  skirt  are  known 
at  present,  some  the  them  of  rather  com- 
plicated configuration.  It  is  well  known 
that  the  configuration  of  the  skirt  has 
an  important  influence  on  hydrodynamic 
characteristics  of  the  hovercraft. 

During  last  few  years  an  extensive  re- 
search programme  has  been  performed  at 
Ship  Research  Institute,  Technical  Uni- 
versity of  Gdahsk  the  m«in  object  of 
which  was  finding  of  the  elastic  skirt 
of  simple  construction  leading  to  low 
resistance  and  good  stability  characte- 
ristics. 

Taking  as  the  basic  design,  the  segmen- 
ted elastic  skirt  being  in  contact  with 
the  water  surface  at  the  most  part  of  its 
length  model  experiments  with  systemati- 
cally varying  skirt  configurations  were 
arranged.  It  was  assumed  at  the  beginning 
thatt 

i it  is  possible  to  find  such  a confi- 
guration of  the  skirt  that  satisfac- 
tory stability  and  resistance  charac- 
teristics could  be  obtained  without 
additional  oompartmentation  of  the 
cushion, 

ii  the  increase  of  the  resistance  caused 
by  the  contact  of  the  skirt  with  the 
water  will  be  small  in  comparison 
with  the  decrease  of  the  power  nece- 
ssary to  develop  the  air  cushion. 


The  preliminary  model  tests  confirmed  the 
first  assumption.  The  results  of  these 
preliminary  model  tests  together  with  the 
description  of  the  experimental  method 
developed  at  SHI  were  reported  at  the  2nd 
International  Hovercraft  Conference,  1971 

C1]  . 

Encouraging  results  and  usefulness  of  the 
open-water  experimental  method  lead  to 
the  decision  of  extension  of  the  research 
programme  with  the  aim  of  collecting  more 
informations  with  regard  to  the  influence 
of  the  skirt  configuration  on  stability 
and  resistance  characteristics  of  the  ho- 
vercraft without  skirt  oompartmentation. 
The  detailed  description  of  models  used, 
skirts  tested  and  results  of  all  experi- 
ments together  with  practical  conclusions 
are  contained  in  unpublished  reports  of 
the  SSI  [2]  . In  this  paper  a summary 
description  of  the  research  programme  to- 
gether with  some  results  taken  by  way  of 
example  and  main  conclusions  obtained  are 
given  only. 

DESCRIPTION  OF  MODELS  TESTED 

Two  basic  models  were  used  for  the  tests t 
CV04  and  CV06.  Main  data  for  both  models 
are  as  below,  where s 

L - length  overall 

L.  - effective  length  of  the  cushion 

Lp  - length  of  the  cushion  on  ground 

B - breadth  overall 

Bp  - breadth  of  the  cushion  on  ground 
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S - area  of  the  cushion  on  ground 
p /all  dimensions  in  millimetres/ . 


Model 

L 

B 

L/B 

SP 

CV04 

CV06 

2250 

2500 

1670 

1250 

1.35 

2,00 

2,372 

2,040 

Model 

Le 

LP 

— 

Bp 

VBP 

C704 

1855 

1910 

1280 

1,49 

C706 

2060 

2125 

988 

2,15 

The  drawings  of  both  models  axe  shown  in 
(figs  1)  and  ( 3).  (Fig.  2)  shows  the  model 
C704  fitted  with  the  skirt  No  1 prepared 
for  the  stability  test  at  zero  speed  over 
the  stiff  ground, (fig.  4)  shows  the  model 
CTO6  during  the  resistance  test  over  the 
water.  Both  figures  mentioned  are  good 
illustration  of  the  experimental  method. 

DATA  OF  SKIBTS  USED 
Skirts  of  the  model  C7Q4 

The  elastic  skirts  used  on  the  model 
C704  were  of  the  segmented  type  with  open 
segments,  without  cushion  compartmenta- 
tion  and  without  design  clearance (fig. 5) . 
The  skirts  were  attached  on  the  perimeter 
of  the  model. 

Altogether  8 skirts  were  tested.  All  of 
them  have  constant  angle  Q = 45°  see 
(fig. 5)  and  constant  hover  height  at  zero 
speed  equal  to  h = 160  mm. 

All  basic  dimensions  of  the  skirts  are 
given  below: 


Skirt 

number 

1 

2 

3 

4 

«w 

435 

435 

637 

435 

Rz 

100 

100 

147 

100 

hs 

125 

125 

95 

125 

bs 

65 

65 

70 

120 

0,52 

0,52 

0,82 

0,96 

V*k 

0,50 

0,50 

0,33 

0,50 

na 

96 

96 

96 

54 

sw 

70 

300 

300 

140 

f •BHjf 
number 

5 

7 

8 

9 

«w 

171/435 

340 

435 

435 

Bz 

49/100 

78 

100 

100 

I8O/125 

160 

125 

125 

bs 

65 

65 

32 

65 

V“. 

0,36/0,52 

0,41 

0,26 

0,52 

h /hk 

i 

0,75/0,50 

0,64 

0,50 

0,50 

ns 

100 

J 95 

174 

96 

SW 

70 

300 

140 

140 

Where: 

inner  radian  of  the  bag  curve 
outer  radian  of  the  bag  curve 
height  of  the  segment  finger 
breadth  of  the  segment  finger 

height  of  the  skirt 
/all  dimensions  in  millimetres/ 
number  of  segments 

specific  weight  of  the  fabric 
in  p/m  . 

Where  in  the  table  two  figures  axe  given, 
the  first  one  refers  to  the  bow  part  and 
the  next  to  side  parts  of  the  skirt. 

Bach  of  the  elastic  segments  is  feeded 
with  compressed  air  from  the  bag  1 trough 
one  circular  hole  4 with  the  diameter 
equal  to  50  mm.  Only  in  skirts  No  4 ami 
No  5 feeding  holes  axe  in  two  rows.  All 
skirts  were  tailored  of  the  fabric  used 
normally  for  sails  (dacron),  which  does 
not  absorb  water  during  the  tests. 

(Fig.  6)  shows  the  model  fitted  with  the 
skirt  No  8,  which  has  very  narrow  seg- 
ments. Their  total  number  is  174  in  com- 
parison with  the  total  number  54  used 
for  skirt  No  4. 


Skirts  of  the  model  CV06 

Two  elastic  skirts  No  1 and  No  2 were 
used  in  the  model  CV06.  The  skirt  No  1 
was  basically  of  the  same  design  as  the 
skirts  of  the  model  CV04.  The  only  diffe- 
rence was  that  the  stern  part  of  the  bag 
was  separately  feeded  ami  the  segments 
in  this  part  were  of  the  closed  type. 

The  lower  edge  of  these  segments  were 
raised  45  mm  over  the  lower  edge  of  the 
side  parts  of  the  skirt.  The  feeding  ho- 
les in  the  skirt  No  1 were  the  same  as 
in  the  model  CV04.  In  the  skirt  No  2 
feeding  holes  were  rectangular,  and  fee- 
ding holes  to  the  cushion  were  circular 
with  diameter  equal  to  25  mm.  see (f ig.7j 
Both  skirts  were  tailored  of  the  same 
fabric  - dacron,  the  specific  weight  of 


*w  - 

Hz  - 
bs  ' 
bs  - 
bk  " 
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which  was  140  p/m2. 

Geometrical  charactarlatlcs  of  theae 
skirts  are  aa  follows t 


V 513  » V 540  » 

fcg=  145  I Hza  125  » 
hc=  172  I R^/Hz=  4,52  , 
V65.5  » b8/hs=  °*452  » 


W°^5  » 

hk/h0*1,82  t 
$ * 45° 


where  t 


h - height  of  the  cushion 

/dimensions  in  millimetres/. 


The  difference  in  geometry  of  both  skirts 
lies  in  that  the  skirt  No  2 is  fitted 
with  closed  segments  on  the  full  perime- 
ter* The  number  of  segments  in  both  cases 
was  the  same  and  equal  94* 


RESULTS  OF  EXPERIMENTS 

During  all  measuring  runs  the  weight 
A of  the  model  CV04  was  kept  constant 
and  equal  108  kp  for  resistance  tests, 
and  155,5  kp  for  stability  tests.  For  the 
model  CV06  weight  was  kept  always  equal 
to  110  kp. 

Measurements  were  performed  at  constant 
number  of  revolutions  of  the  fan  in  all 
runs. 

The  shape  of  the  perimeter  of  the  lower 
edges  of  the  skirt  segments  was  practi- 
cally the  same  for  all  skirts.  The  diffe- 
rence in  static  pressure  in  the  cushion 
in  different  runs  did  not  exceed  1%. 

Results  of  resistance  tests 

The  results  of  resistance  tests  for 
each  model  and  each  skirt  were  presented 
in  the  form  of  diagram  of  the  total  re- 
sistance S of  the  model  ( this  value  not 
contains  the  momentum  drag  because  of 
form  of  general  air  feeding  system)  and 
the  running  trim  of  the  model  V . versus 
Froude  number  Fn  for  several  values  of 
initial  trim  V&  when  floating  (plus  - 
trim  to  the  stern,  minus  - to  the  bow  ) • 
The  example  of  diagrams  are  shown  in 
(figs  8)  and  (9). 

Additional  runs  were  performed  with  the 
model  CV06  for  several  values  of  initial 
heeling  angle,  and  values  of  heel  on  the 
cushion were  measured  respectively.  All 
diagrams  obtained  are  to  be  found  in  [2J. 
The  main  conclusions  obtained  from  these 
experiments  are: 

i the  hump  of  the  measured  resistance 
of  the  model  which  occurs  at  about 
Fn  = 0,6  is  always  connected  with 
the  maximum  of  the  stern  trimi  the 
change  of  trim  with  regard  to  the 
trimat  zero  speed  differs  from  1 to 
5 degrees,  according  to  the  configu- 
ration of  the  skirt  and  to  the  ini- 
tial trimi 

ii  minimum  of  the  resistance  occurs  at 
Fn  between  1,25  and  1,75  but  for 
greater  Froude  numbers  the  resistan- 
ce again  quickly  increases,  and  the 
slope  of  the  resistance  ourve  is 
smaller  than  in  the  initial  part  at 


Fn<0,4  , 

ill  the  resistance  of  the  model  strongly 
depends  on  initial  trim,  particular- 
-ly  in  the  range  of  Fn*0,5  and 
Fn  y 2,0  - in  some  cases  the  diffe- 
rence of  the  resistance  of  the  skirt 
No  2 and  No  7 model  CV04  was  lar- 
ger than  100  per  cent  1 

iv  the  decrease  of  the  resistance  of  the 
model  in  the  range  of  Fn  > 0,5  is 
connected  with  the  decrease  of  stern 
trim  1 

v the  tfiry  of  the  model  at  speed  de- 
pends also  on  Initial  trim,  the  cha- 
racter of  the  curves  of  ty.  for 
various  values  of  V&  versus  Fn  for 
particular  skirt  is  almost  the  same 
in  the  range  of  Fn  < 1,5  | however, 
at  larger  Fn  the  curves  of  Vi  for 
large  tyh  sharply  decline,  whit  is 
accompanied  with  sharp  increase  of 
resistance  caused  primarly  by  the 
contact  of  the  bow  part  of  the  skirt 
with  water 1 consequently  the  bow  part 
of  the  skirt  shows  a tendency  to 
creep  up  and  then  the  hovercraft  may 
plough-in  or,  at  wrong  conditions, 
even  collapse; 

vi  the  height  of  the  hump  of  resistance 
curve,  which  ocours  at  Fn *0,5  depends 
also  on  initial  trimi  as  a rule,  the 
resistance  at  hump  increases  with 
increasing  stern  trim  1 for  some 
skirts  the  hump  resistance  is  more 
than  twice  as  high  as  the  resistance 
at  Fn  s 1,5|  it  was  observed,  that 
such  a high  resistance  is  caused  not 
only  by  specific  maximum  of  wave  re- 
sistance, but  also  by  capture  of  wa- 
ter by  the  stern  part  of  the  skirt. 

Resistance  curves  ror  the  model  C706  with 
skitts  No  1 and  No  2 are  shown  in  the 
(ilg.10/.  It  is  seen  that  minor  differences 
in  skirt  configuration  have  strong  influ- 
ence on  resistance  characteristics  of  the 
hovercraft.  The  comparison  of  the  confi- 
guration of  both  skirts  shows  that  closed 
segments  of  the  skirt  No  2 are  more  stiff 
than  open  segments  of  the  skirt  No  1. 

This  may  be  the  cause  of  difference  in 
contact  resistance  at  Froude  numbers  over 
the  range  Fn  = 1.0  ♦ 1,2  in  which  wave 
resistance  is  rather  small. 

In  the  range  of  small  Froude  numbers, 
below  Fn  * 1,0  , the  differences  in  total 
resistance  must  be  atrlbuted  to  differen- 
ces in  wave  resistance.  The  wave  resistan- 
ce of  both  skirts  probably  differs  because 
of  differences  in  air  flow  and  formation 
of  vortices  (one  pair  of  vortices  in 
skirt  No  1 against  three  pairs  of  vorti- 
ces in  skirt  No  2 ) and  consequently  in 
pressure  distributions  over  the  cushion 
area. 

Influence  of  geometry  of  the  skirt 
on  resistance. 

From  the  example  (figures  11 ) and  (12) 
showing  curves  of  resistance  versus  trim 
for  all  8 skirts  tested  on  the  model  CV04 

is  seen  that  t 
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i the  total  resistance  of  a hovercraft 

at  the  same  weight, the  same  air  feeding 
system,  the  same  cushion  area  the 
same  trim  may  differ  widely* 

ii  the  lowest  resistance  of  the  model 
CV04  was  observed  at  about  zero  run- 
ning trim* 

ill  at  Froude  numbers  greater  than  about 
0,6  some  regularity  was  observed  in 
relation  of  the  resistance  on  actual 
trim*  at  Froude  numbers  lower  than 
0,6  such  regularity  was  not  observed 
- it  is  also  due  to  capture  of  water 
by  some  skirts. 

The  influence  of  geometry  of  the  skirts 
on  resistance  may  be  demonstrated  on  (fi- 
gures 13)  to (15). (Fig.  13)  shows  the  in- 
fluence of  the  height  of  the  segment, 

(fig. 14)  - the  influence  of  the  width  of 
the  segment  and  (fig.15)  - the  effect  of 
the  rigidity  of  the  fabric.  It  is  seen 
from  the  (fig.13)that  in  the  whole  range 
of  speed  minimum  resistance  is  obtained 
at  h ,h^  0,5  if  maximum  Froude  number 

is  adopted  equal  to  2,5 • If  lower  Froude 
nubmer  is  adopted  as  the  design  value, 
say  2,0  , then  optimum  value  of  h /h^  is 
somewhat  lower  and  equal  to  about  B0,4  . 
From  (fig. 14)  it  is  seen  that  for  the 
design  speed  corresponding  to  Fn%2,0 
lower  resistance  is  obtained  with  wide  se- 
gments ( b_/h  1)  and  for  design  speed 
corresponding  to  Fn*2,5  narrow  segments 
are  more  appropriate  (b  /h  <^0,5).  For 
very  narrow  segments  ( bB/hB«  0,25)  the  sa- 
me resistance  is  obtained,  but  it  is  not 
practibable  to  use  too  many  segments. 

From  (fig.15)it  is  seen,  that  specific 
weight  and  consequently  rigidity  of  the 
fabric  has  strong  influence  on  resistance 
of  the  hovercraft.  Within  the  range  of 
speed  which  corresponds  to  Pn  (.2,  the 
resistance  increases  with  increasing  rigi- 
dity of  fabric.  However,  very  small  rigi- 
dity of  fabric  involves  the  necessity  of 
using  additional  stays,  what  was  the  case 
with  the  skirt  No  1 and  what  again  ca- 
uses increase  of  resistance.  At  the  design 
speed  corresponding  to  Fn»2,5  more  rigid 
fabric  leads  to  lowest  resistance. 

Results  of  stability  tests 


Measurements  of  transverse  and  longitu- 
dinal dynamic  and  static  stability  at  zero 
speed  over  rigid  ground  and  over  water 
were  taken  for  all  eight  skirts  of  the  mo- 
del CV04  and  two  skirts  of  the  model  CV06. 
Additionally  measurements  of  transversal 
dynamic  and  static  stability  and  longitu- 
dinal static  stability  were  taken  in  fun- 
ction of  speed  over  water. 

Curves  of  transverse  static  stability  at 
zero  speed  are  shown  in  (figures  16)  and 
(17)  over  rigid  ground  and  over  water  res- 
pectively. In  (figures  18  ) and (l9)ourves 
of  longitudinal  static  stability  at  zero 
speed  for  the  model  CV06  with  slurt  No  1. 
The  character  of  stability  curves  for 
other  skirts  is  similar.  The  curves  of 
stability  over  rigid  ground  show  diffe- 
tnt.  behaviour  when  model  is  heelingto 
Ltlal  stability  of  the  modelhai 


to  the  effect  of  friction  between  the 
skirt  and  ground.  When  model1* tested  at 
zero  speed  over  water  the  histeresis  loop 
practically  vanished.  It  is  seen  from 
the  figures  that  again  as  in  the  case  of 
resistance  rather  small  differences  in 
geometry  of  the  skirt  lead  to  large  diffe- 
rences in  stability  characteristics.  The 
stability  curves  of  the  hovercraft  tested 
over  the  rigid  ground  are  strongly  non- 
-1 inear 1 they  are  much  more  linear  when 
measured  over  water.  The  liimar  approxi- 
mation mas  be  adopted  within  the  range  of 
trim  + 1 and  heel  + 2°  for  skirts  No  7, 
No  8 and  No  9 of  the  model  CTO4  aul  for 
the  model  CV06.  In  general,  longitudinal 
stability  is  approximately  twice  as  high 
as  transversal  stability.  Change  in  inter- 
nal configuration  of  the  skirt  has  also 
a considerable  effect  on  stability  charac- 
teristics. This  is  seen  when  comparing 
stability  curves  for  both  skirts  No  1 and 
No  2 of  the  model  CVD6. 

More  stiff  segments  and  more  complicated 
air  flow  lead  to  effect  similar  as  when 
employing  additional  stability  skirts. 

The  speed  has  also  effect  on  stability 
characteristics.  This  is  seen  from(fig.20) 
showing  transverse  stability  curves  versus 
trim  for  several  values  of  speed  model 
CV06,  skirt  No  1 . Generally,  stability 
increases  with  increasing  speed. 

With  regard  to  the  dynamic  stability,  it 
may  be  stated  that  all  models  tested  were 
dynamically  stable.  However,  characteris- 
tics of  dynamical  stability  expressed  in 
terms  of  damping  coefficients  differ  wi- 
dely for  different  models.  This  is  seen 
from  examples  given  in  (figures  2l)to 
(23).  The  analysis  of  the  influe nee 'of 
geometry  of  the  skirt  on  damping  coeffi- 
cients shows  that  not  only  absolute 
values  of  damping  coefficients  differ  for 
different  models,  but  also  type  of  curves 
may  be  completely  different.  From  the 
above  figures  it  is  seen  that  with  incre- 
asing heel  the  damping  coefficient  mostly 
increases*  but  increasing  speed  may  exert 
different  effect  on  damping  coefficients. 
They  may  diminish  (fig.  21),  increase 
(fig.  22  ) or  firstly  Increase,  then  dimi- 
nish (fig.  23).  From  the  analysis  of 
measurements  it  was  found  that  the  best 
results  were  obtained  on  model  CV06,  skirt 
No  2 and  on  model  CV04,  skirt  No  9. 

The  most  unfavourable  was  skirt  No  8 
fitted  with  very  narrow  segments. 

The  effect  of  geometry  of  the  skirt  and 
its  stiffness  on  damping  coefficients 
of  roll  is  demonstrated  by (figs  23)  to 
(27)  taken  by  way  of  examples  Figs  23) 
and (24)  show  the  effeot  of  width  of  ' 
segments,  (figs  25) and (26)-  the  effeot 
of  height  of  segments  for  Froude  numbers 
equal  to  Fn  = 0 and  Fn  = 2,37  respecti- 
vely . From  the  analysis  of  all  results 
obtained  the  conclusions  can  be  drawn* 

i except  of  very  small  angles  of  heel 
( y < 2°) the  increase  of  skirt  stiff- 
ness caused  increased  damping  ooeffiv 
oients* 

the  character  of  changes  of  damping 
coefficient  with  change  of  segment 


ii 
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width  differs  for  different  Froude 
numbers  and  different  heeling  angles; 

iii  the  favourable  range  of  segment  width 
bearing  in  mind  damping  coefficients 
is  b8/h8  e ( 0,4  , 0,6)  , 

iv  the  optimum  damping  coefficients  may 
be  obtained  within  the  segment  heigth 
h /h^e(0,46  » 0,53)  - this  ranges 
corresponds  also  to  low  resistance 
values. 


CONCLUSIONS 


In  the  paper  are  presented  partial 
results  of  research  programme  only.  The 
whole  programme  consisted  of  more  than 
400  experiments  and  few  curves  obtained 
from  measurements  are  only  shown  by  way 
of  example  in  the  paper.  Experiments  were 
performed  from  1970  to  1973 • The  experi- 
mental method  was  originally  developed 
for  the  programme  and  proved  to  be  extre- 
mely cheap  and  useful.  Obviously,  all 
results  obtained  should  be  treated  as 
comparative  and  scaling  of  results  to  the 
full  scale  hovercraft  is  not  directly 
possible.  However,  in  opinion  of  the 
authors  it  is  possible  to  draw  out  some 
very  useful  conclusions  with  regard  to  the 
designing  of  a hovercraft. 
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Fig.  10:  Resistance  results  for  the  CV06  with  skirts 
No.  1 and  No.  2 


Fig.  11 : Resistance  versus  running  trim  angle  for  all  eight 
skirts  of  the  CV04  at  Fn  1 
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Fig.  15:  Effect  of  fabric's  weight  on  resistance 
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Fig.  12:  Resistance  versus  running  trim  angle  for  all  eight 
skirts  of  the  CV04  at  Fn  2.5 


Fig.  16:  Transversal  righting  arm  for  the  CV06  with  skirt 
No.  1 at  rigid  ground 
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Fig.  13:  Influence  of  segment  height  ratio  on  resistance 
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Fig.  17:  Transversal  righting  arm  for  the  CV06  with 
skirt  No.  1 at  water 
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Fig.  14:  Influence  of  segment  breadth  ratio  on  resistance 
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Fig.  19:  Longitudinal  righting  arm  for  the  CV06  with 
skirt  No.  1 at  water 


Fig.  22:  Influence  of  speed  and  heeling  angle  on 

nondimensional  roll  damping  coefficient  for  the 
CV06  with  skirt  No.  2 


Fig.  20:  Influence  of  model  speed  on  generalized 
metacentric  height 
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SYNOPSIS 

A description  is  given  of  model  test  data  obtained  using  oscillators  for  providing  basic  data,  correlation 
with  theory,  etc.  for  horizontal  and  vertical  plane  motions  of  surface  effect  ships  (SES).  In  addition 
results  of  computations  carried  out  using  the  verified  theory  established  from  the  model  tests  for  full 
scale  SES  testcraft  are  also  provided,  including  a comparison  with  full  scale  motion  trajectories.  The 
use  of  oscillators  for  determining  the  structural  loads  on  SES  craft  bow  structures,  which  are  covered 
with  flexible  pressurized  seals,  is  also  described.  Various  aspects  of  scaling  associated  with  model 
tests  of  SES  craft  are  also  discussed. 


INTRODUCTION 

The  surface  effect  ship  (SES)  is  a relatively 
recent  ship  concept  that  promises  high  speed  and 
other  significant  performance  characteristics, 
primarily  for  naval  ship  application.  An  SES  has 
its  weight  supported  primarily  by  air  pressure 
contained  within  a cushion  region,  and  it  is  sur- 
rounded by  rigid  sidewalls  that  penetrate  the 
water  surface  as  well  as  fore  and  aft  flexible 
seals.  The  presence  of  the  rigid  sidewalls  dis- 
tinguishes the  SES  craft  from  the  more  conventional 
hovercraft  that  have  been  successfully  operating 
during  the  past  15-20  years.  Present  U.S.  Navy 
development  plans  envision  a 2000  ton  craft,  with 
speeds  of  the  order  of  80-100  kt.,  and -larger  size 
craft  are  also  being  'considered. 

Since  the  motion  of  such  craft  is  quite  compli- 
cated, and  involves  consideration  of  all  of  the 
various  modes  of  rigid  body  motion,  computer 
simulation  studies  using  a six  degree  of  freedom 
mathematical  model  serve  as  the  major  tool  for 
evaluation  of  craft  performance.  It  is  therefore 
necessary  to  determine  the  nature  of  the  varia- 
tions of  all  of  the  forces  and  moments  with 
respect  to  all  possible  degrees  of  freedom,  in 
order  to  provide  basic  data  for  a particular 
design.  Similarly,  it  is  also  very  useful  to 
develop  theoretical  expressions  that  can  be  used 
for  arbitrary  craft  in  order  to  extend  the  utility 
of  such  simulation  studies. 

When  considering  SES  craft  motions,  the  initial 
approach  treats  the  lateral  plane  forces  and 
moments  as  functions  of  lateral  plane  motion 
variables  primarily,  (with  appropriate  determina- 
tion of  the  influence  of  vertical  plane  motion 
variables  as  well)  and  similarly  for  evaluating 
vertical  plane  forces  and  moments  in  terms  of 
vertical  plane  motion  variables.  Conventional 
towing  tank  model  test  procedures  for  determining 
force  variations  primarily  involve  measurements 
with  varying  orientation,  such  as  sideslip  (or 
drift)  angle,  pitch  angle,  or  draft  variations. 

Such  variations  are  essentially  static  in  nature, 
an'*  it  is  important  to  determine  the  influence  of 
dynamic  motions,  such  as  those  due  to  angular 
velocities,  etc.  in  order  to  properly  predict 


craft  stability  and  motion  characteristics. 

A method  of  obtaining  such  basic  data  for  SES 
craft  is  by  means  of  captive  model  tests,  with 
dynamic  variations  to  represent  the  different 
degrees  of  ireedom  (in  terms  of  displacements, 
velocities,  and  accelerations)  in  order  to 
determine  the  necessary  form  and  numerical  values 
of  the  forces  and  moments.  The  test  procedures 
for  this  purpose  involve  the  use  of  oscillators 
to  measure  the  separate  lateral  and  vertical  plane 
forces,  in  the  same  general  manner  that  has  been 
used  for  conventional  surface  ship  dynamic  studies, 
e.g.  as  described  in  (1).  This  data  is  then 
compared  with  theory  in  order  to  provide  valida- 
tion of  the  theoretical  models,  which  are  then 
extended  within  a computer  simulation  procedure 
to  predict  various  motions  of  SES  craft  (see  (2)). 
The  utility  of  the  simulation  procedure  then 
depends  upon  the  basic  measured  data,  which  is 
essential  in  establishing  proper  representations 
of  various  forces  and  moments  for  arbitrary 
designs  under  varying  operating  conditions  (which 
are  more  extensive  than  in  the  case  of  conven- 
tional surface  ships) . 

In  addition  to  that  of  craft  motions  another 
important  area  of  concern  for  SES  craft  is  that 
of  structural  loads,  with  a major  problem 
associated  with  slamming  of  such  a high  speed 
craft  when  operating  in  waves.  Both  the  local 
pressures  on  the  bow  plating  as  well  as  the  total 
impact  force,  (which  determines  the  bending  moment 
associated  with  the  slam)  are  significant  factors 
that  must  be  determined  for  adequate  structural 
design  of  such.  Since  SES  craft  have  pressurized 
flexible  bow  bag  seal  elements  which  impact  on 
the  water  during  slamming,  efforts  to  simulate 
conditi ons  expected  during  craft  operation  require 
an  appropriate  model  that  accounts  for  the  inter- 
action between  the  bow  region  and  the  water  during 
such  events.  This  requires  controlled  testing 
wherein  the  desired  measurements  are  obtained 
under  craft  motion  conditions,  such  as  vertical 
velocity,  penetration  into  the  water,  etc.  are 
continuously  known  so  that  relations  between 
instantaneous  time  histories  can  be  determined. 
Such  information  can  be  obtained  by  use  of  a 
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vertical  oscillator  that  simulates  the  impact 
conditions  of  the  bow  region,  which  are  primarily 
due  to  craft  pitch  motion,  while  maki  ' .ulta- 
neous  measurements  of  pressures,  forces,  etc. 
during  the  various  cycles  of  simulated  slamming. 

The  present  paper  exhibits  the  results  obtained 
from  experimental  studies  to  measure  the  hydro- 
dynamic  and  structural  load  data  for  SES  craft 
using  oscillators  in  spectral  modes  of  operation. 
Comparisons  with  theory,  general  conclusions  found 
from  the  data,  and  results  of  full  scale  craft 
behavior  using  this  information  are  also  provided. 
The  model  tests  were  carried  out  on  representative 
SES  models  at  Skibsteknisk  Laboratorium  (Danish 
Ship  Research  Laboratory)  in  Lyngby,  Denmark, 
using  the  oscillator  equipment  at  that  facility. 
All  of  the  work  reported  in  this  paper  was  carried 
out  under  contracts  with  the  U.S.  Navy,  NAVSEA 
Code  PMS-304,  whose  support  is  sincerely  appre- 
ciated. 

NOTATION 

A^2  = sectional  lateral  added  mass 

A^  = sectional  vertical  added  mass 
B*  = local  beam 

CD  = cross-flow  drag  coefficient 
c 

CH  - lateral  added  mass  coefficient 

l = characteristic  length 
= stem  seal  wetted  length 

M = pitch  moment 
N = yaw  moment 

N^  = sectional  vertical  damping  coefficient 

q=0  = pitch  angular  velocity 

r * yaw  angular  velocity 

r'  = rl/u  non-dimensional  yaw  angular  velocity 
u = forward  speed 
v = lateral  velocity 
w=z  = vertical  velocity 
X = longitudinal  force 
Y = side  force 
Z = vertical  force 
z = heave  motion,  positive  down 
8 = sideslip  angle 

0 = pitch  angle,  positive  bow  up 

p = water  density 
a = Ap/l/2pu2  cavitation  index 
coe  * encounter  frequency,  rad. /sec. 


LATERAL  PLANE  FORCES  AND  MOMENTS 
Model  Tests 

For  the  lateral  plane  study,  measurements  were 
made  of  the  side  force  and  yaw  moment  with  varia- 
tions in  the  drift  angle,  lateral  velocities,  and 
yaw  angular  velocities.  While  roll  measurements 
were  also  obtained,  the  present  paper  will  be 
limited  to  discussing  the  pure  lateral  motion 
variables  of  yaw  and  sideslip,  for  simplicity. 

The  particular  apparatus  used  in  these  lateral 
plane  tests  is  the  planar  motion  mechanism  (PMM) 
described  in  (3) , which  allows  larger  displace- 
ments, velocities,  etc.  then  the  original  system 
in  (1) , although  the  actual  measurement  pro- 
cedures are  essentially  the  same. 

Th<»  tests  were  made  with  the  model  restrained  at 
particular  trim  and  draught  conditions,  in  order 
to  have  a precise  fixed  reference  for  the  immer- 
sed portions  of  the  craft  in  the  water  so  that 
theoretical  computations  could  be  carried  out 


simply.  The  pressures  in  the  cushion  plenum  and 
in  the  aft  seal  were  also  measured  during  the 
tests  using  separate  pressure  transducers.  During 
the  course  of  the  tests,  measurements  were  also 
made  of  the  towing  carriage  speed  as  well  as 
counts  of  the  number  of  revolutions  of  the  PMM 
oscillator.  All  of  the  measured  data  in  the  form 
of  electrical  signals  were  recorded  on  magnetic 
tape,  and  the  signals  were  also  sent  to  an  analog 
processor  where  they  were  resolved  into  in-phase, 
out-of-phase , and  constant  components  relative  to 
the  oscillator  input  motion  of  interest.  The 
resulting  component  terms  are  digitised,  scanned, 
and  recorded  on  paper  tape.  The  paper  tape  is 
then  used  in  data  reduction  via  a digital  computer. 
During  the  tests  the  various  force  component  terms 
obtained  from  the  analog  processor  are  also  moni- 
tored continuously  on  an  oscillograph  pen  recorder. 

The  tests  were  carried  out  for  a model  with  a test 
configuration  essentially  having  a rectangular 
planform.  The  basic  characteristic  dimensions  of 
the  model  are  given  by  the  following: 

Table  1 Model  Craft  Characteristics 


Overall  length  9.652  ft. 

LCG,  from  transom  45.79  in. 

VCG , from  keel  baseline  10.92  in. 

Plenum  width  3.0  ft. 

Height  of  wet-deck,  from  keel  7.7  in. 

The  model  considered  in  the  present  paper  has 
sidewalls  with  a constant  45°  angle,  with  a 
faired  bow  region  extending  approximately  20% 
over  the  forward  portion.  Ventral  fins  were 
attached  to  the  model  during  some  of  the  tests , 
with  the  trailing  edge  located  at  the  craft 
transom.  The  fins  are  rectangular  in  planform, 
and  tests  with  fins  present  on  the  model  were 
made  with  the  fins  canted  inboard  at  45°  as  well 
as  with  the  fins  purely  vertical.  A general  lay- 
out of  the  model  is  given  in  (Figure  1) . 

The  bow  and  stern  seals  used  on  the  model  were 
provided  in  completely  assembled  form  and  bolted 
to  the  inside  of  the  centerbody.  The  bow  seal 
is  a simple  straight-across  finger  seal  con- 
figuration, while  the  stern  seal  is  a two-lobe 
membrane  system  with  stiffeners  in  the  lower 
surface,  which  is  the  region  in  contact  with  the 
water  surface.  Small  axial  fans  were  placed  in 
openings  in  the  centerbody  plate  so  that  they 
could  feed  the  main  cushion  chamber  and  also  the 
stern  seal. 

The  lateral  dynamics  test  series  incl  \ded  tests 
over  a range  of  sideslip  angle  orientations; 
pure  sway  oscillations;  pure  yaw  oscillations; 
and  oscillations  with  combined  sideslip  and  yaw. 
These  latter  tests  of  combined  motions  were  made 
up  of  "yaw  and  drift"  tests  and  "drift  and  yaw" 
tests,  with  the  (yaw  + drift)  involving  a fixed 
yaw  oscillation  over  a range  of  static  sideslip 
angles,  while  the  (drift  + yaw)  tests  involved 
a fixed  static  sideslip  angle  that  was  com- 
bined with  a range  of  yaw  oscillations.  The 
oscillations  were  carried  out  at  the  rate  of 
about  15  rpm,  which  is  the  highest  value  pos- 
sible with  the  PMM  apparatus,  in  order  to  obtain 
the  largest  possible  number  of  complete  oscilla- 
tion cycles  during  each  run  due  to  the  high  test 
speed  in  the  tank.  The  static  sideslip  angles 
tested  covered  the  range  of  +2°  out  to  -10°  or 
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to  an  angle  condition  limit  where  pressure  was 
reduced  significantly  due  to  excessive  leakage. 

In  all  of  the  tests  the  fans  were  operating  and 
establishing  a particular  value  of  pressure  in  the 
main  bubble  chamber,  as  well  as  in  the  stem  seal. 
Some  limited  tests  were  also  incorporated  into  the 
program  to  determine  the  influence  of  zero  bubble 
pressure  by  testing  with  the  aft  stern  seal  lifted, 
as  well  as  other  tests  with  the  stern  seal  trailing 
in  an  unpressurized  form. 

The  test  conditions  are  defined  by  a mean  draught 
value,  which  was  that  measured  at  the  assumed 
model  LCG , measured  from  the  baseline;  a pitch 
angle  orientation;  and  a roll  angle  orientation 
(all  tests  were  carried  out  at  zero  roll  angle) . 

A particular  forward  speed  value  was  also  selected, 
as  well  as  a nominal  value  of  main  bubble  pressure. 
The  particular  conditions  for  the  model  are  given 
below: 


Table  2 Test  Conditions 


Condition  No. 


i 

2 

3 

4 5 

6 

Mean  draft, 
d,  in. 

2.4 

2.4 

3.6 

4.6  3.6 

2.4 

Pitch  angle, 

9 , deg . 

+1 

+ 1 

+1 

-2  -2 

+1 

Speed,  U, 
ft. /sec. 

26.2 

26.2 

26.2 

26.2  26.2 

26.2 

Nominal  main 
bubble  pres- 
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The  nomenclature  used  in  describing  the  measure- 
ments and  their  variations  with  these  particular 
variables  is  that  proposed  by  SNAME  (4) . The 
resulting  lateral  forces  and  moments  in  the 
present  tests  are  directly  applicable  to  the  equa- 
tions and  axis  system  described  in  (4) . 


Comparison  With  Theory 

Theoretical  representations  of  the  side  force  and 
yaw  moment  on  SES  craft  are  obtained  primarily  on 
the  basis  of  slender  body  theory,  modified  by  semi- 
empirical  means  using  cross-flow  drag.  The 
separate  forces  and  moments  acting  on  a single 
sidewall  are  found,  and  the  total  value  is  obtained 
from  the  sum  of  the  contribution  of  each  sidewall. 
This  treatment  is  based  upon  the  assumptions  of  no 
interference  between  the  two  sidewalls,  no  influnce 
of  the  cushion  pressure  per  se  on  the  hydrodynamic 
forces,  and  no  free  surface  wave  interaction  or 
influence  of  the  difference  in  water  level  between 
the  inner  wall  surfaces  and  the  outer  surfaces  due 
to  the  bubble-generated  internal  wave  surface  pro- 
file. The  theoretical  force  expressions  are 
evaluated  only  in  terms  of  craft  immersion  para- 
meters relative  to  the  undisturbed  water  surface 
level  in  the  ambient  fluid  outside  the  bubble- 
craft  region.  A more  exact  theory  involves  non- 
linear lifting  surface  theory  in  the  presence  of  a 
free  surface  for  low  aspect  ratio  airfoils.  Com- 
parison with  theory  is  therefore  limited  to  the 
simplified  theoretical  representation. 


The  hydrodynamic  forces  and  moments  acting  on  the 
sidewalls,  and  also  any  appendages  attached  to  the 
sidewalls  such  as  water jet  inlet  housing,  skegs, 
fins,  etc.,  are  found  primarily  by  application  of 
slender  body  theory  treatments.  These  methods 
are  linear  in  nature,  with  the  effect  of  immersed 
sectional  area,  draught,  etc.,  due  to  orientation 
changes  arising  from  heave,  pitch  and  roll  motions 
(or  fixed  positions)  reflecting  the  most  signifi- 
cant nonlinear  variations  for  these  terms.  The 
sidewall  and  appendage  forces  also  contain  non- 
linear terms  due  to  cross-flow  drag,  which  are 
important  for  the  case  of  very  low  aspect  ratio 
lifting  surfaces.  The  sidewall  forces  are  com- 
posed of  three  separate  contributions;  viz.,  the 
terms  due  to  slender  body  hydrodynamic  reactions, 
the  effect  of  cross-flow  drag,  and  the  terms  due 
to  various  appendates,  i.e. 


F = F(1)+  F(2)+  F(3) 

sidewalls  sw  sw  sw 


(1) 


where  superscript  (1)  is  the  slender  body  result, 
superscript  (2)  is  for  the  cross-flow  drag  terms, 
and  superscript  (3)  is  the  appendage  contribution 


In  the  data  reduction  procedure,  the  total  mea- 
sured forces  are  operated  upon  in  the  analog 
processor  to  determine  separate  components 
relative  to  the  imposed  oscillatory  motion,  as 
described  in  (1) . These  analysis  procedures 
determine  the  force  and  moment  components  in 
phase  with  the  particular  aspects  of  the  motion 
such  as  velocity,  acceleration,  etc.  Both  the 
linear  and  nonlinear  forces  and  moment  terms, 
based  upon  a pre-structured  mathematical  repre- 
sentation of  the  total  force  measurement,  are 
determined  from  the  different  components  obtained 
from  analysis  of  the  measurements.  The  static 
tests  involving  sideslip  angle  variations  only 
involve  consideration  of  the  constant  component 
terms.  Model  mass  and  inertia  tares  were  deter- 
mined from  in-air  oscillatory  tests,  which  were 
then  subtracted  from  the  measured  values  to 
determine  the  net  hydrodynamic  force  components. 
These  final  values  can  then  be  used  to  compare 
with  theory  as  well  as  being  in  other  analyses 
in  the  investigation  of  lateral  dynamics  of  SES 
craft.  Representative  results  in  the  test  pro- 
gram for  the  six  conditions  listed  in  Table  2 
are  presented  and  discussed  in  later  sections  of 
the  paper. 


The  following  results  are  given  for  the  slender 
body  theory  forces  on  a single  sidewall  (port  or 
starboard,  using  appropriate  values  for  each) : 


X(1)  = - l/2pC_  S u2 
sw  Df  w 


(2) 


^ - - A22  U<V+Xsr) 
s 


N(1)  =xY(1>- 
sw  s sw 


[A22+Jx, 


*b 


A^2  x dx-rlu 


(3) 


(4) 


where 

p = water  density 

C = sidewall  friction  drag  coefficient 
Df 

S = wetted  area  of  a sidewall 
w 

A22  = C^pTid2  (x)/2,  lateral  added  mass  of  sidewall 
section,  with  d(x)  = local  wetted  draught 
(CH  factor  is  lateral  added  mass  coef- 
ficient) ; K'  is  value  at  sidewall  stern 

x = x-coordinate  of  sidewall  stem  location 

S (x  <0) 
s 
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at  a distance  from  the  craft  center  of  gravity 
measured  to  the  center  of  area  of  the  fin. 


x.  * x-coordinate  of  sidewall  bow  location 

f*b 

A22  » A22dx,  total  sidewall  lateral  added  mass 
‘ s 

The  above  expressions  are  given  for  those  quan- 
tiJj.es  that  affect  the  total  values  of  Y and 
N in  terms  of  the  particular  variables  that  are 
present  in  the  model  tests. 

The  total  slender  body  theory  forces  and  moments 
for  both  sidewalls  are  then  given  by 

y(1)  = Y(1)  + y(^  (5) 

port  starboard 


„<1>  „(1)  A M (1) 

N * N + N ,7 

port  starboard 


[X(D  _ x (1) 
port  starboardly 


In  the  calculation  of  the  individual  sidewall 
force  terms  it  is  understood  that  the  computation 
is  appropriate  to  the  particular  values  of  the 
separate  elements  for  the  craft  in  the  water,  at 
the  orientation  condition  specified. 

In  the  development  of  the  slender  body  theory 
force  expressions  it  has  been  assumed  that  all 
added  mass  hydrodynamic  forces  and  moments  asso- 
ciated with  pure  acceleration  terms  (v,  r and  p) 
are  negligible  in  their  influence  on  the  craft 
motions,  since  they  were  expected  to  be  small 
relative  to  the  craft  mass  and  inertia  forces. 
Thus  they  were  neglected  and  not  included  in  the 
present  expressions.  Although  added  mass  terms 
are  present  in  the  hydrodynamic  force  expressions 
given  above,  they  are  only  used  in  expressing  the 
"lift"  type  forces  by  the  formal  application  of 
slender  body  theory. 

The  cross-flow  drag  force  components  that  are 
significant  for  the  lateral  force  and  yaw  moment 
are  presented  here.  The  lateral  force  due  to 
cross-flow  drag  on  a single  sidewall  is  given  by 


with  these  expressions  appropriate  to  the  par- 
ticular values  associated  with  either  the  port  or 
starboard  side.  The  yaw  moment  due  to  cross-flow 
is 


-is 


x X d(x)vrelJVrel.ldx 
s 


The  total  force  and  moment  values  due  to  cross- 
flow  drag  are  then 


,<2>  + y (2) 

port  starboard 

(10) 

.«>  ♦ n<2)  . 

port  starboard 

(11) 

The  appendage  force  terms  for  fins  or  any  other 
appendage  attached  directly  to  the  sidewall  are 
represented  in  terms  of  the  lift  force  behavior 
of  these  surfaces  together  with  a cross-flow  drag 
contribution.  These  appendage  forces  are  deter- 
mined in  the  same  way  as  the  theoretical  expres- 
sions for  wing-body  interaction  for  low  aspect 
ratio  wings.  The  appropriate  component  for  the 
lateral  force  on  a fin  at  a particular  fin  cant 
angle  is  determined  geometrically,  and  the  yaw 
moment  is  assumed  to  be  that  due  to  the  fin  force 


In  all  of  the  expressions  provided  above  it  is 
assumed  that  the  craft  is  oriented  at  a pitch 
trim  such  that  the  maximum  immersion  occurs  at  the 
stern  (i.e.  positive  trim  angle).  For  cases  with 
negative  trim  angles  the  expressions  are  altered 
somewhat  to  refer  to  conditions  applied  at  the 
location  of  the  maximum  span  of  the  sidewall  (when 
it  is  pictured  as  a lifting  surface  in  a lateral 
direction) . The  expressions  in  that  case  are  some- 
what more  complicated,  but  are  not  listed  here  for 
purposes  of  simplicity  in  the  representation  of  the 
analytical  expressions.  Since  all  of  the  geometric 
parameters  in  the  theoretical  expressions  are 
precisely  known  for  any  particular  craft  orienta- 
tion, the  main  problem  is  the  proper  values  of  the 
lateral  added  mass  coefficient  CH  and  the  value  of 
the  cross-flow  drag  coefficients  . 

c 

The  results  of  the  tests  showed  that  the  variation 
of  side  force  and  yaw  moment  with  lateral  velocity, 
based  on  the  analysis  of  tests  with  pure  oscil- 
latory sway  motion,  indicated  the  same  values  for 
variations  with  lateral  velocities  as  for  static 
variations  with  sideslip  angle.  Thus  the  data 
from  the  static  tests  was  sufficient  for  determin- 
ing the  variation  of  side  force  and  yaw  moment 
with  respect  to  the  lateral  velocity  variable  v. 

The  variations  with  sideslip  angle  obtained 
statically  are  presented  as  functions  of  the  angle 
B,  where  the  relation 


Some  representative  comparisons  between  theory  and 
experiment  in  the  static  tests  (variations  with 
sideslip  angle)  are  shown  in  (Figures  2-4)  for  the 
craft  in  a positive  trim  orientation.  The  results 
in  (Figure  2)  are  for  the  basic  sidewall  configura- 
tion, while  those  in  (Figures  3 and  4)  are  for  the 
same  craft  condition  except  that  ventral  fins  are 
present  on  the  craft.  It  can  be  seen  from  these 
results  that  both  the  side  force  and  yaw  moment 
variations  are  predicted  very  well  by  use  of  the 
present  theory.  The  theoretical  values  were  deter- 
mined with  the  use  of  the  following  values  of  the 
lateral  added  mass  and  cross-flow  drag  coeffi- 


0 . 8 and  C_ 


2.0.  A number  of 


separate  computations  has  shown  that  there  is 
little  influence  of  the  cross-flow  drag  value  on 
the  yaw  moment  since  there  is  no  net  effect  of  the 
cross-flow  drag  on  the  yaw  moment  as  it  is  effec- 
tively balanced  by  the  results  of  the  integration 
over  the  immersed  region.  The  cross-flow  drag  has 
been  shown  to  have  the  major  influence  on  the  side 
force  value.  The  yaw  moment  is  mainly  influenced 
by  the  unstable  ideal  "Munk"  moment  term.  One  of 
the  major  difficulties  in  slender  body  theory  is 
the  determination  of  the  location  of  the  point  of 
action  of  the  side  force,  in  regard  to  its  con- 
tribution to  the  yaw  moment,  which  is  known  to  be 
the  major  defect  in  slender  body  theory,  even  in 
infinite  fluid  aerodynamics.  A few  other  cases 
(other  models)  wherein  the  static  variation  of 
yaw  moment  with  sideslip  angle  has  not  been 
adequately  predicted  by  the  present  theory  have 
been  encountered,  but  the  present  case  illustrated 
herein  represents  that  where  an  adequate  pre- 
diction has  been  made.  As  a result  of  a number 
of  computational  experiments  the  value  of  the 
lateral  added  mass  term  CH  has  been  found  to  be 
approximately  1.0  The  exact  value  to  be  used  is 
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dependent  on  the  actual  section  shapes  and  can 
vary  along  the  craft.  The  cross-flow  drag  value 
Cp  *2.0  is  generally  found  to  be  applicable  to 
thS  present  sidewall  problem,  and  it  is  a value 
used  often  for  this  influence  in  many  aerodynamic 
and  hydrodynamic  studies. 

Another  interesting  result  obtained  in  the 
investigation  is  also  shown  on  (Figure  2) , where 
data  obtained  without  bubble  pressure  present  are 
compared  with  measurements  obtained  with  bubble 
pressure.  It  can  be  seen  that  there  is  no  signifi- 
cant difference  for  the  side  force  and  yaw  moment 
with  or  without  bubble  pressure  for  this  particular 
case,  and  similar  results  have  been  obtained  in  a 
number  of  other  measurements  to  illustrate  the 
influence  of  bubble  pressure  on  lateral  force  and 
moments . 

An  illustration  of  the  results  obtained  for  the 
case  where  the  craft  is  at  a bow-down  pitch  orien- 
tation is  shown  in  (Figure  5) . In  that  case  the 
present  theory,  when  interpreted  in  terms  of  the 
evaluation  of  slender  body  theory  with  reference 
to  the  location  of  the  maximum  span,  shows  good 
agreement  with  experiment.  The  results  in  this 
figure  also  indicate  the  agreement  of  the  experi- 
mental data  for  side  force  and  yaw  moment  for  con- 
ditions with  and  without  bubble  pressure  present. 

Illustrations  of  the  comparison  between  theory  and 
experiment  for  the  case  of  yawing  motion  are  given 
in  (Figure  6)  for  the  craft  with  a bow-up  pitch 
oreintation.  It  can  be  seen  that  there  is 
extremely  good  agreement  between  the  theory  and 
experiment  for  the  yaw  moment  variation  with  the 
non-dimensional  angular  velocity  r',  which  is  the 
most  significant  parameter  affecting  turning  and 
dynamic  stability  (i.e.  it  is  the  yaw  damping 
term)  with  only  fair  agreement  shown  in  the  case 
of  the  variation  of  side  force  with  yaw  angular 
velocity.  Since  the  side  force  magnitude  is 
generally  small,  and  has  a relatively  small 
influence  on  lateral  maneuvering  characteristics, 
any  small  differences  has  little  significance. 

An  illustration  of  the  variation  of  yaw  moment 
with  yaw  angular  velocity  for  the  bow-down 
orientation  is  shown  in  (Figure  7) . In  that  case 
the  yaw  moment  variation  with  yaw  angular  velocity 
is  predicted  very  well  by  the  theory.  A number  of 
other  cases  have  also  exhibited  similar  good  agree- 
ment with  theory,  with  some  lesser  degree  of  agree- 
ment in  regard  to  the  less  important  side  force 
variation.  These  results  were  obtained  using  the 
proper  lateral  added  mass  coefficient  as  well  as 
the  interpretation  of  slender  body  theory  that 
refers  the  evaluation  of  the  theoretical  expres- 
sions to  the  location  of  the  maximum  span. 

Effects  of  Free  Surface,  Cavitation,  and  Frequency 
A direct  illustration  of  the  effect  of  the  free 
surface  on  the  lateral  forces  was  obtained  from 
related  studies  in  water  tunnels  (5) . Tests  were 
carried  out  with  models  representing  the  submerged 
portions  of  sidewalls  previously  tested  in  the 
Danish  tank.  Then  tests  covered  a range  of  side- 
slip angles,  for  single  sidewalls,  with  the  model 
attached  to  the  upper  wall  of  the  tunnel  test 
section.  The  measured  data  was  used  to  establish 
the  results  for  a two-sidewall  craft  (using  prin- 
ciples of  symmetry  of  forces  due  to  the  differing 
aspect  of  port  and  starboard  sidewalls)  and  com- 
parisons were  made  between  the  tunnel  data  and 
the  Danish  tank  data  after  scaling  the  tunnel 


results  to  the  Danish  model  size  (since  both  tests 
were  run  at  the  same  Froude  number.  A represen- 
tative result  of  such  comparisons  is  shown  in 
(Figures  8 and  9)  where  good  agreement  is  exhib- 
ited between  both  sets  of  data.  This  result  indi- 
cates that  the  free  surface,  for  conditions  of 
static  sideslip  angle  changes,  essentially  behaves 
as  a rigid  wall.  Such  a result  also  correlates 
with  the  theoretical  results  given  in  Equations  (3) 
and  (4)  since  the  lateral  added  mass  representation 
there  is  based  on  a "reflected"  image  model  that 
corresponds  to  the  rigid  wall  free  surface  limit 
behavior. 

The  investigation  in  (5)  also  considered  tests 
wherein  cavitation  occurred  on  the  model  in  a 
closed  water  tunnel,  as  well  as  ventilation  in  a 
free  surface  water  tunnel.  Since  some  of  the  free 
surface  tunnel  data  was  affected  by  the  tunnel 
wall  influence,  spray,  limited  test  section  dimen- 
sions, etc.  the  result  obtained  under  cavitating 
conditions  in  a closed  tunnel  will  be  used  to 
illustrate  the  effects  of  these  related  flow 
phenomena.  Illustrations  of  the  effect  of  cavita- 
tion are  given  in  (Figures  10  and  11)  where  com- 
parison is  shown  between  data  obtained  at  atmo- 
spheric pressure  and  that  at  reduced  pressure 
corresponding  to  a cavitation  index  of  o = 0.2. 

The  data  in  these  figures  represents  a synthesized 
two-sidewall  hull,  as  discussed  previously,  so 
that  comparison  can  also  be  made  with  the  towing 
tank  static  sideslip  test  results.  It  can  be  seen 
that  there  is  only  little  influence  of  cavitation 
in  these  hydrodynamic  forces , even  for  cases  with 
a significant  amount  of  cavitated  flow  present. 
Since  the  water  tunnel  data  at  atmospheric  pres- 
sure compares  well  with  the  towing  tank  data  for 
the  same  conditions,  it  can  be  seen  that  cavita- 
tion effects  on  the  side  force  and  yaw  moment 
characteristics  of  SES  sidewalls  are  relatively 
small.  Similarly  results  are  also  found  for  the 
effects  of  ventilation,  as  indicated  from  free 
surface  water  tunnel  test  data  in  (5) . 

With  regard  to  frequency  dependence  of  the  measured 
forces,  the  tests  were  carried  out  on  single  fre- 
quency (15  rpm)  which  was  the  highest  possible  for 
the  PMM  apparatus  used.  The  non-dimensional  fre- 
quency wf/u  for  the  model  test  lies  in  the  range 
of  0.56  - 0.81,  which  is  a low  value  that  is  also 
associated  with  the  high  speed  nature  of  SES  craft. 
For  the  lateral  motions  of  full  scale  100  ton  SES 
testcraft,  the  maximum  frequency  affecting  the 
craft  yaw  and  sideslip  motions  is  of  the  order  of 
the  rudder  rate  during  maneuvering,  which  would  be 
about  0.2  rad. /sec.  The  non-dimensional  frequency 
value  for  the  100  ton  testcraft,  with  a sidewall 
length  of  60  ft.  and  a speed  in  the  range  of  50  - 
80  kt.,  would  be  quite  low  in  this  case.  The 
largest  frequency  present  during  maneuvering  of 
the  100  ton  testcraft  is  about  1.5  rad. /sec., 
which  corresponds  to  the  roll  motion  natural  fre- 
quency, and  that  particular  mode  of  motion  has  been 
found  to  have  only  small  influence  (during  tran- 
sient maneuvers)  on  the  yaw  and  sideslip  motions. 
Thus  it  appears  that  frequency  dependence  of  the 
hydrodynamic  lateral  force  and  yaw  moment  is  not 
significant,  and  that  the  quasi-steady  data  ob- 
tained from  PMM  tests  can  be  applied  to  adequately 
predict  SES  craft  maneuvering  performance.  The 
effectiveness  of  applying  results  obtained  from 
the  present  test  data,  using  the  concepts,  theory, 
etc.  developed  as  part  of  the  overall  investigation 
and  applied  to  various  craft,  is  demonstrated  by 
the  results  exhibited  in  the  following  sections. 
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Comparison  With  Full  Scale  Maneuvering  Responses 
As  a result  of  the  tests  reported  here,  together 
with  the  subsequent  validation  of  the  theoretical 
expressions,  these  expressions  were  incorporated 
into  the  six  degree  of  freedom  motions  program. 
Generalized  expressions  valid  for  arbitrary  side- 
wall  shapes  were  employed  in  the  computer  program, 
which  takes  account  of  the  instantaneous  position 
of  the  craft  sidewalls  (and  other  appendages, 
seals,  etc.)  relative  to  the  water  surface.  The 
program  can  then  be  applied  to  determine  craft 
motions  with  six  degree  of  freedom,  including 
vertical  plane  forces  associated  with  the  pres- 
surized regions  of  the  craft  and  hydrodynamic 
effects  (to  be  discussed  in  a later  section) . 
Comparisons  were  made  with  a number  of  horizontal 
plane  maneuvering  trajectories  of  the  U.S.  Navy 
100  ton  SES  testcraft  that  are  continually  being 
tested  in  order  to  provide  basic  performance  data 
for  SES  craft  development.  Particualr  illustra- 
tions of  the  results  obtained  for  different  oper- 
ating conditions  of  the  SES  100  B craft,  following 
specified  rudder  deflections,  are  shown  ah  (Figures 
12  and  13) . These  figures  show  the  measured  craft 
trajectories  (primarily  lateral  plane  responses) 
which  are  compared  with  the  predicted  motions 
using  the  computer  program  described  in  (2).  As 
can  be  seen,  there  is  very  good  agreement  between 
the  computer  program  and  the  measurements,  with 
the  only  significant  differences  exhibited  in  the 
roll  responses  which  can  be  ascribed  to  the  pres- 
ence of  small  ambient  waves  (the  trajectory  com- 
putations were  carried  out  assuming  smooth  water 
conditions) . The  degree  of  agreement  shown  here 
indicates  good  correlation  between  theory  (i.e. 
the  computer  program)  and  actual  experimental 
transient  maneuvering  data,  where  the  basis  for 
the  representation  of  the  hydrodynamic  forces  and 
moments  for  this  particular  testcraft  is  the  mathe- 
matical model  for  lateral  hydrodynamic  forces  that 
was  validated  by  the  extensive  PMM  test  series  • 
described  here. 

VERTICAL  PLANE  FORCES  AND  MOMENTS 
Model  Tests 

The  vertical  plane  motions  of  SES  craft  involve 
different  contributions  to  the  vertical  force  and 
pitch  moment  that  arise  from  pressure  effects  as 
well  as  hydrodynamic  and  hydrostatic  terms.  In 
order  to  determine  the  hydrodynamic  and  hydro- 
static effects,  and  to  compare  the  values  with 
available  theory,  it  is  necessary  to  carry  out 
model  tests.  The  method  for  obtaining  such 
experimental  data  is  by  means  of  captive  model 
tests  having  static  and  dynamic  variations  in  the 
vertical  plane  variables  (heave  and  pitch  and 
their  derivatives),  which  is  similar  to  the  pro- 
cedure used  to  determine  the  lateral  plane  hydro- 
dynamic  forces  and  moments. 

The  model  tested  was  essentially  similar  to  that 
used  in  the  lateral  plane  investigation.  The  test 
apparatus  used  was  an  oscillator  that  had  pre- 
viously been  used  as  the  PMM  for  lateral  oscilla- 
tions of  surface  ships,  described  in  (1).  This 
particular  device  was  rotated  from  the  horizontal 
plane  to  the  vertical  plane,  with  new  stiffening 
struts  added.  The  apparatus  could  then  be  used  to 
measure  vertical  force  and  pitch  moment  for 
oscillatory  and  static  displacements  of  heave  and 
pitch. 

The  test  program  involved  both  static  and  dynamic 
tests  using  the  vertical  PMM  oscillator  for 
imposed  displacements  in  heave  and  pitch  (sepa- 


rately) . The  tests  were  carried  out  iwith  oscilla- 
tions) for  a range  of  frequencies  (24-80  rpm) , at 
a fixed  oscillation  amplitude.  The  static  tests 
involved  changes  (in  both  directions,  i.e.  pos- 
itive and  negative)  in  heave  and  pitch  orientation 
relative  to  the  initial  equilibrium  reference  con- 
dition. All  of  the  tests  were  carried  out  for  the 
model  oriented  at  two  basic  trim  reference  con- 
ditions. These  conditions  are  listed  below. 

Table  3 Test  Conditions 


Condition  CG  draft,  in.  Pitch  trim,  deg. 

1 JTo  4-  0.5 

2 4.5  4-  1.0 

The  tests  were  carried  out  for  each  condition  at 
three  different  forward  speeds.  These  speeds  (in 
model  scale)  were  5 kt . , 8 kt.,  and  12  kt . , which 
represented  two  speeds  above  the  hump  speed  and 
one  speed  for  the  sub-hump  condition  for  this 
model.  The  fan  settings  were  determined  (via 
trial  and  error)  in  order  to  establish  representa- 
tive values  of  bubble  pressure  and  seal  pressure 
that  were  considered  ap-propriate  to  the  particular 
speed,  with  lower  pressures  at  the  lower  speed, 
etc.  These  nominal  pressures  were  also  con- 
sidered applicable  to  both  geometric  conditions 
given  in  Table  3. 

Since  the  equations  of  motion  in  (2)  for  vertical 
plane  motions  employ  a water  level  coordinate 
system,  the  heave  motion  is  purely  vertical  and 
the  pitch  motion  is  a small  angular  rotation  about 
the  y-axis,  which  does  not  require  the  PMM  appara- 
tus to  function  other  then  as  a pure  oscillator  in 
pitch.  Corrections  to  the  data  to  account  for 
model  mass  and  inertia  tares  are  made  to  account 
for  the  forces  and  moments  acting  on  the  model 
when  it  is  oscillating  in  air.  For  the  present 
case  of  an  SES  craft,  the  presence  of  tare  values 
due  to  the  cushion  pressure  must  also  be  accounted 
for,  in  both  the  static  and  dynamic  modes  of 
motion,  so  that  the  hydrodynamic  forces  can  be 
obtained  after  processing  the  measurements  of  total 
craft  forces.  This  procedure  allows  for  determina- 
tion of  the  non-pressure  effects,  which  are  gener- 
ally expected  to  be  small  for  heave  motion  (since 
pressure  variation  is  the  dominant  effect) . The 
pitch  moment  variations  are,  however,  expected  to 
depend  primarily  upon  the  hydrodynamic  and  hydro- 
static effects. 

The  data  reduction  and  analysis  procedure  is 
similar  to  that  employed  in  the  lateral  motion 
tests,  after  correction  for  the  tare  values  (in- 
cluding the  pressure  tare  values) . Separate  iden- 
tification of  the  in-phase  and  out-of-phase  com- 
ponents for  the  oscillation  tests  allows  determina- 
tion of  the  variation  of  any  particular  force  or 
moment  with  respect  to  either  displacement,  veloc- 
ity, etc.  This  procedure  is  primarily  applicable 
to  measurements  that  are  close  to  harmonic  in  time 
history  form,  and  basically  accounts  for  linear 
terms.  The  measured  data  for  the  static  orienta- 
tion tests  are  directly  obtained  after  tare  cor- 
rections, and  represent  the  pure  hydrodynamic 
forces  (gage  zero  reference  at  zero  speed,  in- 
cludes hydrostatic  effects) . Hydrostatic  effects, 
which  are  necessary  when  comparing  theory  and 
experiment,  are  computed  for  the  model  craft 
according  to  its  particular  orientation  in  the 
water. 
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Model  Data  and  Comparison  with  Theory 
The  static  test  data  exhibited  a variation  of 
vertical  force  and  pitch  moment  with  both  heave 
and  pitch  orientation  that  was  primarily  due  to 
hydrostatic  effects,  i.e.  hydrodynamic  effects 
were  generally  small.  An  illustration  of  the 
relative  values  of  hydrostatic  and  hydrodynamic 
pitch  moment  variation  with  pitch  angle  is  shown 
in  (Figure  14)  which  verifies  this  result.  The 
hydrodynamic  pitch  moment  exhibited  in  this  figure 
also  includes  a small  contribution  due  to  pressure 
forces  on  the  bow  seal.  The  result  of  this  com- 
parison is  the  lack  of  influence  of  the  pitch 
stiffness  derivative  M^  on  forward  speed,  which  is 
also  exhibited  in  data  for  a range  of  forward 
speeds  in  (6) . 

Expressions  for  the  vertical  force  and  pitch 
moment  acting  on  both  sidewalls  of  an  SES  craft, 
due  to  hydrostatic  and  hydrodynamic  effects,  were 
derived  on  the  basis  of  slender  body  theory. 

These  relations  are  given  as 
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where 

A33  = p7TB*  M 2/8  * vertical  added  mass  of  side- 

wall  section,  with  B*(x)  = local  sidewall 
waterline  beam;  A^  is  value  of  sidewall 
stern  s 

w = vertical  velocity 
q = 0 = pitch  angle  velocity 

A^ _ = ! A'  dx,  total  sidewall  vertical  added 

33  lx  33 

J s mass 

S(x)  = sectional  area  of  sidewall  in  planes  normal 
to  x-axis 

In  addition  there  are  expressions  for  the  vertical 
force  acting  on  the  bow  seal  (due  to  pressure  on 
the  wetted  "footprint"  area  of  the  seal  on  the 
water  surface)  and  the  stern  seal.  For  the  stern 
seal  the  vertical  force  due  to  craft  motions  in 
the  vertical  plane  is  given  by  the  quasi-steady 
representat ion 


Z ^ = - P 

stern  seal 
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where  i ^ is  the  wetted  length  of  the  seal 
(bfl.  . = wetted  area  of  stern  seal)  and  x is  the 
longitudinal  coordinate  location  of  the  milpoint 
of  stern  seal  wetted  length.  The  pitch  moments 
of  these  seal  forces  are  obtained  fror..  their 
geometric  moment  arms. 


In  the  oscillatory  tests  the  resulting  variations 
of  force  and  moment  with  vertical  velocity  showed 
only  small  values,  and  generally  no  agreement 
between  hydrodynamic  theory  and  the  measured 
values.  The  only  hydrodynamic  term  of  signifi- 
cance, for  which  some  correlation  with  theory 
could  be  obtained,  was  that  of  pitch  damping, 


i.e.  the  variation  of  pitch  moment  with  pitch 
angular  velocity  q.  In  carrying  out  such  a com- 
parison another  possible  effect  is  considered, 
viz.  hydrodynamic  force  associated  with  wave  gen- 
eration and  damping  due  to  the  craft  sidewalls 
oscillating  in  the  free  surface.  The  general 
expressions  of  the  force  and  moment  due  to  such 
damping  are 
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using  a strip  theory  representation,  with  N'  the 
sectional  heave  damping  for  the  sidewall  which  can 
be  approximated  for  low  frequencies. 


Comparison  of  the  pitch  damping  variation  from 
experiment  with  that  from  the  theory  is  shown  in 
(Figure  15),  with  the  different  theoretical  con- 
tributions shown.  It  can  be  seen  that  the  side- 
wall  slender  body  theory  result  is  relatively 
small,  with  the  major  contributions  being  that  of 
the  stern  seal  and  sidewall  wavemaking.  Other 
cases  not  shown  indicate  the  primary  effect  to  be 
due  to  the  stern  seal.  While  the  stern  seal  con- 
tribution is  significant,  an  accurate  evaluation 
of  its  effect  depends  upon  the  stern  seal  wetted 
area  which  is  estimated  from  static  tests  for  use 
in  this  theoretical  evaluation.  Similarly  the 
validity  of  the  sidewall  wave  generation  repre- 
sentation for  high  speed  conditions,  as  experienced 
here,  is  also  open  to  question,  with  a more  valid 
demonstration  possible  if  oscillation  tests  are 
carried  out  without  a pressurized  cushion,  seals, 
etc.  in  order  to  isolate  pure  sidewall  effects 
alone. 


Predicted  Vertical  Plane  Motions 
The  utility  of  any  theoretical  prediction  tool, 
which  is  based  on  methods  developed  in  coordination 
with  experimental  force  measurements  as  described 
above,  is  determined  by  comparison  with  a range  of 
test  data.  A number  of  operating  conditions  of 
full  scale  100  ton  SES  testcraft  running  in  waves 
(Gulf  of  Mexico,  Chesapeake  Bay)  have  been  sim- 
ulated using  the  program  described  in  (2) . Using 
the  measured  wave  spectra  in  the  operating  area, 
prediction  of  vertical  plane  responses  such  as  CG 
and  bow  vertical  acceleration,  pitch  angle,  pres- 
sure, etc.  have  been  made  in  the  form  of  mean 
values,  rms  and  higher  order  statistical  responses 
(1/3  highest,  1/10  highest,  etc.).  Comparison 
with  the  measurements  indicated  agreement  with 
10-15%  over  the  range  of  operating  mission  con- 
ditions analyzed. 

Other  comparisons  have  bee.i  made  with  model  test 
data  for  responses  in  regular  waves  in  towing 
tanks.  Since  pitch  motion  is  the  main  response 
for  which  the  hydrodynamic  and  hydrostatic  effects 
are  important,  a representative  comparison  of  pre- 
dicted pitch  motion  response  with  model  test  data 
for  a model  of  the  same  design  as  those  discussed 
in  this  paper  is  sh->wn  in  (Figure  16)  . Similar 
comparisons  have  been  obtained  for  other  model 
designs,  operating  over  the  speed  range  from  0-20 
kt  (model  scale)  which  showed  good  agreement  in 
regard  to  the  important  vertical  plane  responses 
of  pitch,  heave,  acceleration,  etc.  The  basic 
formulation  in  the  computer  program,  when  serving 
as  a prediction  tool,  provide  adequate  simulation 
of  SES  craft  responses  using  the  various  theoret- 
ical expressions  that  were  developed  with  the  aid 
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of  the  experimental  studies  reported  here.  The 
effects  that  are  indicated  to  be  dominant  are  actu- 
ally so,  and  those  that  are  small  and  not  signif- 
icant also  behave  in  that  manner  (even  if  the  the- 
oretical expressions  do  not  precisely  match  the 
force  variations  that  occur  with  little  consequence 
on  craft  responses) . 

BOW  SLAM  PRESSURES  AND  FORCES 

Slamming  is  an  important  problem  for  SES  craft 
since  the  impact  occurs  over  a large  transverse 
extent  of  the  bow  region  for  such  craft.  The 
operating  100  ton  testcraft,  as  well  as  all  of  the 
present  designs  for  large  2000  ton  SES  craft, 
incorporate  flexible  bags  as  part  of  the  bow  seal, 
which  come  into  contact  with  the  water  surface 
during  the  impact  associated  with  slamming. 

In  order  to  provide  some  means  of  simulating  the 
resulting  loads  that  occur  during  slamming,  some 
form  of  simulation  of  slamming  should  be  carried 
out  in  order  to  provide  controlled  motions  that 
could  then  be  related  to  the  resulting  slam  pres- 
sures and  loads  of  a bow  bag  seal  in  time  history 
form.  Such  a procedure  is  carried  using  a verti- 
cal oscillation  in  a towing  tank  for  a model  having 
a bow  bag,  allowing  control  of  the  vertical  bow 
motion  as  well  as  the  craft  forward  speed.  This 
technique  would  then  provide  information  leading 
to  an  understanding  of  the  phenomena  associated 
with  bow  bag  slamming,  and  also  to  ultimately 
relate  such  data  to  SES  design  considerations. 

Test  Procedure 

Since  the  purpose  of  these  tests  was  to  study  the 
phenomena  associated  with  bow  bag  slamming,  the 
pressure  and  loads  acting  on  the  bow  are  measured 
continuously  with  respect  to  time  (and  immersion) . 
The  PMM  oscillator  motion  is  recorded,  and  to- 
gether with  knowledge  of  the  settings  for  ampli- 
tude, frequency,  etc.,  the  instantaneous  position 
and  velocity  of  all  craft  elements  is  thereby 
known  at  all  times.  The  pressure  in  the  bag  is  a 
consequence  of  the  flow  into  and  out  of  the  bag, 
and  also  of  the  state  of  the  bag  with  respect  to 
its  deformation  and  immersion.  The  external  loads 
(including  moments)  are  a consequence  of  the  bag 
deformation  and  immersion. 

In  addition  to  the  bag  pressure  and  the  loads 
acting  on  the  bow,  the  pressures  in  the  cushion 
and  stern  seal  were  also  obtained  so  as  to  ascer- 
tain any  influence  of  bow  bag  slamming  on  other 
aspects  of  craft  performance.  Since  the  loads  had 
to  be  corrected  for  acceleration,  the  vertical  bow 
acceleration  was  also  measured.  Table  4 summa- 
rizes the  measurements  made . 

The  tests  are  run  for  various  forward  speeds, 
with  the  oscillator  characteristics  set  to  cover 
a range  of  vertical  velocities  that  are  expected 
to  result  in  slamming.  Time  history  outputs  of 
all  the  measured  data  in  Table  4 are  then  avail- 
able for  comparison  of  instantaneous  values 
throughout  the  various  cycles,  with  an  expected 
repetitive  characteristic  of  the  measured  re- 
sponses due  to  the  oscillatory  motion. 


Table  4 Summary  of  Measurements 


Measurement  Location 


Bag 


Pressure  Cushion 


Stern  Seal 


Loads  Bow 


PMM 

Position 


Craft 


Acceleration  Bow 


Type 


Port  and  starboard  sides 


Single,  at  '-enter 


Single,  at  center 


Vertical  force  (port  and 
starboard) 


Horizontal  force  (port  and 
starboard) 


Pitch  moment  (port  and 
starboard) 


(i)  Continuous  recording 


(ii)  Pulses  at  min.,  max. 
and  zero  crossings 


Vertical 


Data  Obtained  and  Application  of  Results 
Since  a theoretical  analysis  of  this  problem 
involves  considerations  of  three  distinct  physical 
phenomena,  viz. 

i)  flow  in  and  out  of  the  bag  with  volume 
change 

ii)  bag  membrane  equilibrium 
iii)  hydrodynamic  flow  over  the  bag  - 
water  contact  surface 

any  theoretical  analysis  would  appear  to  be  an  ex- 
tensive and  complex  study.  The  measurements  ob- 
tained, together  with  motion  pictures  of  the  impact 
process  during  various  oscillation  tests,  provides 
insight  into  the  nature  of  the  bag  deformation.  A 
representative  picture  of  the  possible  bag  de- 
formation during  immersion  under  slamming  con- 
ditions is  shown  in  (Figure  17) . There  are  a 
number  of  possible  shapes  during  the  impact  includ- 
ing the  possibility  of  hard  structure  impact , as 
illustrated  in  (Figure  18) . The  exact  nature  of 
the  bag  shape  determines  the  forces  acting  on  the 
craft  bow,  and  allows  an  interpretation  that  would 
permit  structuring  a simplified  mathematical 
analysis.  Effective  orientation  of  the  bag  with 
respect  to  the  water  surface,  representing  an  angle 
of  attack,  as  well  as  the  deformation  of  the  bag 
surface  being  viewed  as  a continuously  changing 
camber  are  possible  approaches  toward  this  type  of 
representation . 

Aside  from  the  visual  observations  that  permit  an 
establishment  of  a possible  analysis  based  on  the 
bag  deformation,  the  measurements  themselves  pro- 
vide useful  data  for  structuring  an  analysis.  The 
occurrence  of  the  peak  pressure  relative  to  the 
immersion  conditions  is  demonstrated  by  such  data 
as  in  (Figure  19) . Similar  information  on  the 
impact  forces  measured  during  slamming,  in  time 
history  form,  are  also  obtained  as  outputs  from 
this  test  procedure. 

The  tests  are  run  over  a range  of  speeds  wherein 
slamming  is  expected  to  occur,  with  the  resultant 
vertical  velocity  at  the  bow  lying  in  a range 
wherein  prior  investigations  have  shown  slam 
effects  to  occur.  That  data  obtained  for  bow  bag 
pressure  and  bow  loads  provides  quantitative 
information  on  the  expected  magnitude  of  such 
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loads  when  simulating  conditions  expected  to  occur 
for  an  SES  craft  oscillating  in  waves.  Effects  of 
forward  speed,  vertical  velocity,  exhaust  orifice 
area,  etc.  are  then  determined  from  a series  of 
runs  covering  such  a range  of  variables  appro- 
priate to  various  possible  craft  designs. 

In  view  of  the  possible  sensitivity  of  slamming 
responses  to  the  relative  angle  between  the  impact 
region  and  the  water  surface,  the  vertical  veloc- 
ity due  to  the  imposed  oscillation  may  not  be  a 
complete  simulation  of  actual  SES  craft  slamming 
in  waves.  However  the  influence  of  the  vertical 
velocity  and  the  effect  of  angular  orientation, 
bag  deformation,  etc.  obtained  from  these  tests 
allows  establishment  of  a mathematical  model  that 
will  incorporate  such  effects.  This  mathematical 
model  could  then  allow  for  the  presence  of  the 
water  slope  at  the  bow  due  to  the  waves,  as  well 
as  the  wave  vertical  orbital  velocity,  in  arriving 
at  some  means  of  proper  simulation  of  this  complex 
phenomenon.  Work  in  this  area  is  presently  con- 
tinuing, with  further  studies  planned  to  allow 
development  of  a useful  simulation  tool  that  can 
be  incorporated  in  a computer  program  in  order  to 
predict  the  range  of  structural  loads  that  will  be 
experienced  by  SES  craft  during  slamming  in  waves. 

CONCLUDING  REMARKS 

This  paper  has  shown  a number  of  applications  for 
SES  craft  development  wherein  the  use  of  oscil- 
lators provides  useful  data.  The  application  and 
extension  of  the  measurements  obtained  for  both 
lateral  and  vertical  hydrodynamic  forces  and 
moments  allows  a theoretical  representation  of 
such  effects  within  a computer  simulation  program, 
which  provides  good  correlation  with  experimental 
data  on  craft  motion  response  obtained  in  model 
tests  and  for  full  scale  testcraft  operating  under 
actual  environmental  conditions.  The  test  pro- 
cedures used  provide  insight  into  various  phe- 
nomena, as  well  as  indicate  the  predominant  forces 
acting  on  SES  craft  during  the  different  modes  of 
motion.  The  important  dynamic  effects  due  to 
angular  velocities  can  only  be  determined  (simply) 
with  oscillator  systems,  and  they  are  therefore 
useful  devices  for  SES  development  just  as  in  the 
case  of  conventional  surface  ship  dynamic  studies. 
The  utility  of  the  lateral  plane  PMM  system  is 
illustrated  by  the  recent  construction  and  applica- 
tion of  such  a device  in  a dedicated  towing  tank 
facility  at  NSRDC  for  specific  use  in  SES  testing 
and  development  studies. 

The  use  of  a vertical  oscillator  to  simulate  slam- 
ming effects  under  controlled  conditions  is 
another  application  for  SES  craft  that  represents 
a method  for  obtaining  insight  into  different 
phenomena,  as  well  as  providing  representative 
data  for  the  effect  of  slamming  on  bow  bag  seals. 
Further  effects  using  such  a device  will  ulti- 
mately lead  to  establishing  a mathematical  model 
for  computer  simulation  purposes  to  aid  in  evalu- 
ating slam  responses  on  SES  craft.  It  is  a fond 
hope  that  the  results  obtained  from  such  an 
investigation  will  provide  as  useful  a model  for 
representation  of  slam  effects  as  have  the 
oscillators  used  for  determining  the  hydrodynamic 
forces  that  affect  the  motions  of  such  craft. 
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^ theory 
□ experiment 


Fig.  3:  Variation  of  side  force  with  sideslip  angle, 
model  with  ventral  fins,  u = 26.2  ft./sec. 


^ theory 

□ experiment 


N,  ft.  lb. 


Fig.  4:  Variation  of  yaw  moment  with  sideslip  angle, 
model  with  ventral  fins,  u 26.2  ft./sec., 

e = i°,  p = o° 
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□ experiment 

G3  experiment,  zero  pressure 


Fig.  5:  Variation  of  sida  forca  and  yaw  moment  with 
sideslip  angle,  u = 18.1  ft./sec.,  0 = -2° 
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IV.  Ill 


Fig.  7: 


Variation  of  yaw  moment  with  yaw  angular 
velocity  (nondimensional). 


u = 26.2  ft. /sac..  « = -2°.  j8  = 0° 


O Oceanics  Water  Tunnel 
□ Danish  Shiplab 


O Oceanics  Water  Tunnel 
□ Danish  Shiplab 


-20  0 20  40  60  80 

N,  ft. -lb. 

Trim  angle 


Fig.  8:  Side  forces  obtained  at  atmospheric  praasura  Fig.  9:  Yaw  moments  obtained  at  atmospheric  pressure. 

data  presented  in  terms  of  Danish  model  size  at  Data  presented  in  terms  of  Danish  model  size 

a test  velocity  of  26.2  ft./sec.  at  a test  velocity  of  26.2  ft./sac. 
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O atmospheric  pressure  t u ■ 18.5  fps 
0 a ■ 0.2  reduced  pressure  6 higher  u 


Fig.  10:  Side  force  coefficients  for  two  sidewalls. 
Oceanics  water  tunnel  data  obtained  at 
atmospheric  and  reduced  pressure 


O atisospheric  pressure  s.  u - 18.5  fps 
Q o ■ 0.2  reduced  pressure  & higher  u 


Trim  angle  +1° 


Trim  angle  -2° 

Fig.  11  : Yaw  moment  coefficients  for  two  sidewalls. 
Oceanics  water  tunnel  data  obtained  at 
atmospheric  and  reduced  pressure 
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Fig.  13:  Comparison  of  oceanics  simulation  and  craft 
data  u = 49.5  Kt 


O hydrostatic  (zero  speed) 

A hydrodynamic,  from  exp.,  5 kt. 
□ hydrodynamic,  from  exp.,  12  kt. 


IV.  115 


Fig.  14:  Variation  of  pitch  moment  with  pitch  angle, 
illustrating  comparison  of  hydrodynamic 
moments  and  hydrostatic  valve 


O experimental 

X theory,  sidewalls 

□ theory,  sidewall  and  stern  seal 
contributions 

O theory . . sidewalls  and  sidewall 
wavemafcing 

+ theory,  sidewalls  with  wavemaking 
and  stern  seal  contribution 


q,  deg. /sec. 
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Fig.  15: 


Variation  of  pitch  moment  with  angular 
velocity,  condition  1,  u = 8 Kt 
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Discussion  on  Paper  by  R.  Wade  et  al 


L.J.  DOCTrpS 

Could  the  authors  explain  the  origin  of  their 
calculations  for  the  spray  irag  - in  the  formulas 
that  follow  (T'?  The  implication  of  these  form- 
ulas is  that  the  spray  irag  is  proportional  tc  the 
strut  thickness,  presumably  for  affine  shapes. 
Secondly,  the  spray  irag  is  shown  to  be  oroportiorr 
al  to  the  cube  of  the  speed,  yet  surely  there  are 
very  strong  effects  of  the  Reynolds  number  (based 
on  some  measure  of  the  spray  thickness'' , and  of 
the  Weber  number?  A further  point  here  is  that  the 
presence  of  the  cushion  will  reduce  the  vetted  sur- 
face in  general  and  this  will  have  a strong  influ- 
ence on  the  snray  drag. 


Authors  ’ Reply 


The  following  comments  are  offered  in  response 
to  Dr.  Doctor’ ' remarks. 

The  calculation  of  the  spray  drag,  as  discussed 
in  the  paper,  was  obtained  by  analysing  photographs 
of  the  wetted  spray  areas  generated  by  the  spray. 
Once  these  wetted  areas  were  obtained,  a friction 
factor  Cj.  based  upon  the  Reynolds  number  of  the  ffcw 
was  determined  and  a irag  calculated  from: 


where  A = wetted  spray  area;  q = dynamic  pressure. 

In  order  to  cast  this  drag  formula  into  the  one 
given  in  the  paper,  an  equivalence  of  the  wetted 
spray  area  to  the  characteristic  thickness  and 
length  of  the  ’ jw  or  fairing  shape  was  obtained  as 


A = :<(tc) 
w 

where  K = proportionality  constant;  t = maximum 
thickness  of  the  bow  or  fairing  in  the  waterline 
plane;  c = characteristic  length  of  the  bow  or 
fairing  from  the  point  of  spray  generation  to  the 
maximum  thickness  point. 

As  seen  in  the  paper,  this  constant  K was  deter- 
mined to  be: 

0.T5  for  the  bow  section 
5.5  for  the  fairing 


It  must  be  reiterated  that  these  formulae  form  a 
guide  to  the  estimating  of  spray  drag  and  are  only 
applicable  for  the  sidehull  under  consideration. 

The  purpose  in  developing  them  was  to  illustrate 
the  point  that  spray  drag  can  be  of  significant  im- 
pact in  the  overall  drag  evaluation  of  sidehulls 


for  this  type  of  craft  and  consequently  cannot  be 
ignored  unless  some  adequate  spray  management  sys- 
tem is  used,  such  as  spray  fences.  The  use  of  the 
above  technique  for  spray  evaluation  obviously 
depends  on  many  tacit  assumptions  concerning  the 
mechanism  of  snray  generation  and  the  origin  of  the 
resulting  irag.  significant  among  these  are  (l) 
the  spray  drag  is  assumed  to  result  from  friction 
effects  only  and  (2)  the  degree  of  wetting  is  a 
function  of  the  body  geometry.  These  assumptions 
are  open  to  discussion,  insofar  as  Froude  effects 
and  indeed  Weber  number  effects  in  certain  regimes 
could  also  be  important.  However,  it  was  not  the 
intent  of  the  present  tests  to  investigate  this 
aspect  of  drag,  but  simply  to  develop  some  means  of 
assessing  overall  sidehull  drag  for  this  particular 
model . 

In  this  regard  it  S-culd  be  mentioned  that  apart 
from  Ref. (9)  wiven  in  the  text,  a oroposed  method 
of  spray  evaluation  other  than  that  contained  in 
Ref.  (IT)  has  been  presented  by  Kaplan  (Ref.(l8)). 
This  method  also  based  on  spray  wetted  area,  de-  e- 
lons  a method  for  calculating  the  wetted  area  based 
on  the  geometric  properties  of  the  body. 

From  the  formulae  presented  in  the  text  the 
spray  drag  is  not  proportional  to  the  cube  of  the 
velocity,  as  suggested  by  Dr.  Doctors.  The  drag  is 
proportional  to  the  square  of  the  velocity  through 
the  dynamic  pressure  and  depends  further  on  the 
velocity  through  the  Reynolds  number-dependent  Cf 
term.  This  friction  coefficient  is  a function  of 
tne  local  Reynolds  number  based  on  the  flow  velo- 
city and  characteristic  length,  c,  of  the  bc^dy. 

This  is  the  only  Reynolds  number  effect  used  in  the 
present  calculations.  The  Weber  number  effects 
mentioned  by  Dr.  Doctors  were  not  considered  here 
as  it  was  felt  that  the  surface  tension  forces  are 
small  compared  with  the  dynamic  effects.  A more 
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In  this  presentation  the  author  has  aide!  the 
effects  f cushion  fluid  compressibility  * -.is  rm 
vious  efforts  and  ha:,  greatly  increased  hie  dis- 
cuss: r.  of  the  nonlinear  nature  efthe  A TV  iynarics 
thr  .gh  extended  numerical  study  of  the  effect  f 
encountered  wave  height. 

The  effect  of  cushion  compressibility  as  embodied 
in  the  statement  cf  the  adiabatic  law  (Eq.  (6l'' 
and  the  inclusion  of  the  temporal  derivative  cf 
roshi  n-fluid  lensity  in  all  v Lume  fl  i#  terms  e.g, 

■ . - and  • is  ®or<  Lgnificant  thai  1 i - 
cated  by  previous  investigations.  The  cushion  : m- 
nressibility  is  the  only  mechanism  in  the  present 
model  which  can  yield  this  scaling  phenomenon  ami 
since  the  scaling  distortion  is  shown  by  the  author 
to  be  rather  large  for  realistic  values  of  the  sca- 
led atmospheric  pressure  ratio  pa /p  gl , it  seems 
that  more  effort  should  be  expended  to  include  the 
various  other  mechanisms  which  contribute  to  dynamic 
scaling  effects.  In  this  regard,  this  discusser’s 
comments  following  the  author's  previous  O.N.R.  car 
tribution  are  still  valid. 

In  the  present  model  incorporating  cushion  com- 
pressibility, this  discusser  would  also  suggest  the 
use  of  the  presently  computed  cushion  density  in 
place  of  atmospheric  density  in  the  author's  dis- 
charge equations  (39)  and  (Uo). 

Tn  an  unpublished  examination  of  ACV  dynamics 
this  discusser  has  determined  that  a vertical-seal 
force  model  as  represented  by  eq.(53)  is  valid  only 
for  small  cushion  seal  displacements.  Through  a 
comparison  with  experimental  data  it  has  been  found 
that  a more  elaborate  nonlinear  model  for  the  seal 
restoring  force  is  required  in  order  to  reproduce 
the  dynamic  response  of  an  ACV  in  pitch.  Further, 
this  discusser  still  believes  that  the  horizontal 
skirt  drag  given  by  eq.(5M(and  eq.(55))  should 
include  viscous  and  wavemaking  contributions  as 
well  as  the  induced  drag  included  in  the  author's 
formulation.  If  this  effect  is  included  then  the 
sides  of  the  ACV  support  system  will  also  contrib- 
ute to  the  longitudinal  horizontal  skirt  forces  on 
the  vehicle,  perhaps  with  a magnitude  comparable  to 
the  transverse  sections. 

The  nonlinear  dynamic  behaviour  of  the  author's 
numerical  model  has  been  interestingly  demonstrated 
in  the  curves  of  heave  and  pitch  root -mean-square 
response  as  a -function  of  wave  height.  The  most 
significant  feature  of  these  presentations  (Figs. 9 
(see  Fig. 9a)  and  10)  is  the  implication  that  the 
inclusion  of  cushion  compressibility  results  in  a 
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like  to  mention  that  a related  line  of  research 
is  bei  ng  • nd acted  at  U .H.  . /hie)  n m r i 
models  are  being  ieveloped  for  ACV  with  different 
skirt  conf igurations  (This  work  is  being  sponsored 
by  the  David  W.  Taylor  Naval  Ship  Research  and 
Development  Center.^  The  purpose  of  this  work  is 
to  evaluate  and  compare  the  seakeepir.g  of  various 
skirt  designs.  In  particular,  numerical  models 
have  been  developed  for  peripheral  jet  type  of 
craft  as  well  as  divided  cushion  vehicles.  The 
models  include  the  effects  of  compressibility, 
though  the  hydrodynamic  influence  has  been  neglec- 
ted corresponding,  strictly,  to  motion  over  land. 
The  divided  skirt  model  resembles  the  author's 
earlier  work  (27),  extended  to  include  the  effects 
of  compressibility  in  a manner  similar  to  that  out- 
lined in  the  author's  presentation.  In  the  per- 
ipheral jet  model,  a flow  system  for  the  skirt, 
separate  from  that  of  the  single  cushion  and  con- 
sisting of  a loop  plenum  and  skirt  pericells,  was 
used.  The  first  harmonic  response  for  the  periph- 
eral jet  model  at  a Froude  number  of  1.66  is  shewn 
in  Fig. 12.  For  this  model,  the  nondimens ional 
resonant  frequencies  were  between  7 and  9,  which  is 
fairly  close  to  the  author’s  results  for  divided 
cushion  craft. 

The  main  comment  of  this  discusser,  however, 
concerns  our  experience  with  models  for  divided 
cushion  craft  in  relation  to  the  numerical  approach 
taken  by  the  author.  Since  the  author  refers  to 
his  earlier  work  (27) (39)  for  details  of  his 
numerical  prodecure,  the  discusser  will  assume 
that  this  information  still  applies  here  unless 
otherwise  noted  by  the  author. 

In  this  presentation  and  in  his  earlier  work, 
the  author's  results  indicate  that  rather  large 
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cushion  pressure  fluctuations  taka  place.  These 
large  pressure  fluctuations  were  also  generate!  by 
the  divided  cushion  simulations  done  at  T.N.H.  In 
fact,  the  fluctuations  were  so  large  and  atrupt 
that  it  was  susnected  that  they  were  induced  by  the 
computation  scheme.  The  problem  was  found  to  be 
caused  by  errors  in  the  extrapolation  between  time 
steps  due  to  the  very  small  characteristic  times 
for  cross  flow  adjustment  between  cushions  compar- 
ed with  the  tine  scales  associated  with  the  overall 
notion  f the  craft.  Several  extrapolation  schemes 
were  tried  in  addition  to  the  simple  Euler  extra- 
polation used  by  the  author.  These  included 
Punge-Kutta,  multi-step  methods,  rational  function 
and  polynomial  extrapolation,  as  well  as  special 
methods  developed  to  handle  the  so-called  'stiff' 
nroblems.  These  are  available  in  standard  texts 
such  as  that  written  by  Gear  (Pef.fl»6)).  It  was 
found  that  the  polynomial  extrapolation  yielded 
reasonable  results  without  extensive  use  of  comp- 
uter time.  Error  criteria  are  also  provided  which 
are  somewhat  more  reliable  than  checking  conver- 
gence to  periodic  notion. 

While  these  problems  nay  be  peculiar  to  the  sim- 
ulations used  by  the  discusser,  it  is  suggested 
that  careful  attention  be  given  to  the  method  of 
extrapolation  when  the  model  is  to  include  cross 
flow  between  cushions. 

REFERENCE 

1*6.  Gear,  G.W.  Numerical  Initial  Value  Problems 
in  Ordinary  Differential  Equation.  Prentice- 
Hall,  Englewood  Cliffs,  New  Jersey  (1971). 

A.H.  MAGNUSON 

The  author  is  to  be  congratulated  upon  the  pre- 
sentation of  his  latest  results  on  the  prediction 
of  Air  Cushion  Vehicle  (ACV)  motions  over  waves. 

The  inclusion  of  compressibility  in  the  latest  cal- 
culations is  undoubtedly  an  improvement  over  the 
author's  pioneering  work  (Ref. (39)).  In  addition, 
the  development  of  the  hydrodynamic  representation 
was  simplified  by  dropping  the  initial  value  prob- 
lem and  assuming  a 'steady  state’  form  for  the  sol- 
ution and  a more  typical  Froude  number  of  1.5  was 
used  for  the  calculations. 

The  first  comment  has  to  do  with  the  hydrodyna- 
mic representation.  The  discusser  was  intrigued  by 
the  author's  derivation  presented  in  Ref. (39), 
which  is  very  similar  to  the  present  one.  Conse- 
quently, in  an  effort  to  duplicate  these  results,  a 
solution  was  obtained  to  the  two-dimensional  (inf- 
inite aspect  ratio)  problem.  The  results  of  this 
investigation  appear  in  reference  (1*7).  The  two- 
dimensional  formulation  is  closely  related  to  the 
three-dimensional  one  in  the  sense  that  the  singu- 
lar k (wavenumber)  integration  is  virtually  iden- 
tical. The  three-dimensional  solution  requires  an 
additional  nonsingular  azimuthal  (0)  integration. 

There  is  one  inconsistency  between  the  discuss- 
er's results  and  the  author's  which  may  have  in- 
troduced an  error  in  the  surface  elevation  cal- 
culation. This  concerns  the  location  of  the  k_  and 
kj,  poles  for  the  supercritical  case  (l  > 1).  The 
discusser  feels  that  the  wrong  branch  was  taken  in 
the  square  root  term  for  k^  and  kj,  in  Eq.(l5).  The 
correct  branch  can  only  be  taken  by  solving  the 
dispersion  relation  (denominator  of  the  k-integral) 
before  supressing  the  Rayleigh  viscosity.  The 
migration  of  these  poles  as  a function  of  frequency 


(taken  from  Ref. 'I’  is  shown  in  Fig. 13.  N : t e 
that  for  supercritical  frequencies  the  location 
of  the  poles  is  reversed  as  compared  with  Fig..'  of 
Pef.'33).  This  reversal  of  pole  locations  w .Id 
cause  the  wave  terms  associated  with  th.es*  roles 
to  be  complex  conjugates  of  the  correct  expressions 

Another  point  is  that  the  singular  k-inoegrat  ior. 
was  carried  out  explicitly  in  Pef.'-’l  resulting  ir. 
an  entirely  analytical  solution  in  terms  of  well- 
known  transcendental  functions.  This  solution 
separates  the  well-known  far-field  free  waves  from 
the  near-field  effect  characterised  by  exponential 
integrals  in  a very  natural  way  using  Cauchy's 
residue  theorem.  A similar  result  can  be  obtained 
'at  the  expense  of  an  increase  in  algebraic  comp- 
lexity: for  the  three-dimensional  problem.  One 
should  be  able  to  perform  the  9 integration  expli- 
citly by  expanding  the  exponential  integral  terms 
in  a power  series  and  integrating  term-by-term. 

This  type  of  approach  is  more  desirable  than  the 
author's  approach  in  the  discusser's  opinion,  as 
one  does  not  have  to  worry  about  accuracy  of  numer- 
ical evaluation  of  principal-value  integrals  and 
computer  programming  errors. 

Having  dispensed  with  the  criticism,  I would  now 
like  to  make  a few  observations  supporting  the 
author's  results.  First  of  all,  the  relative  imp- 
ortance of  the  water  surface  compliance  on  the 
craft  dynamics  has  been  an  area  of  controversy  for 
some  time.  Doctors  has  taken  the  positive  approach 
to  the  controversy  by  going  ahead  and  solving  the 
problem  analytically,  finding  that  the  compliance 
is  indeed  a first-order  effect.  (One  would  not 
expect  the  possible  error  discussed  above  to  have 
any  effect  upon  this  qualitative  conclusion.) 

The  other  school  of  thought  is  that , because  of 
the  high  Froude  number  regime  in  which  these  craft 
operate,  the  unsteady  component  of  the  surface 
compliance  is  small  enough  to  be  negligible.  This 
point  of  view  was  expressed  by  Kaplan  in  his  dis- 
cussion of  Doctor's  first  paper  (Ref. (39)).  Kaplan 
was  sceptical  about  the  importance  of  compliance 
for  Froude  numbers  from  1.0  to  2.0,  a range  repre- 
sentative of  these  craft.  It  appears  that  Doctors' 
latest  results  for  a Froude  number  of  1.5  still 
show  that  the  compliance  is  a first  order  effect. 

A more  direct  assessment  of  the  importance  of 
the  surface  compliance  can  be  obtained  by  calcul- 
ating the  power  dissipated  by  the  radiated  wave 
train  caused  by  the  unsteady  component  of  the 
cushion  pressure.  This  was  not  done  by  Doctors, 
but  results  for  the  two-dimensional  case  were  pre- 
sented by  the  discusser  in  Ref.  (1*7).  These  are 
shown  in  Fig.ll*.  The  figure  is  in  agreement  with 
Wu's  earlier  calculation  (Ref. (36)).  One  has  the 
normalised  work  rate  (power)  plotted  as  a function 
of  the  nondimensional  frequency  a for  a delta 
function  pressure  distribution.  Note  that  the  work 
rate  increases  linearly  with  frequency  a for  sup- 
ercritical frequencies.  A typical  value  of  a for 
an  ACV  or  SES  at  design  speed  and  at  the  pitch 
resonance  frequency  would  be  about  30.  The  work 
rate  for  this  frequency  is  about  four  times  the 
quasi-steady  (a  = 0)  value.  Now,  the  pressure 
fluctuations  of  air  cushion  supported  vehicles  in 
waves  are  typically  of  the  same  order  of  magnitude 
as  the  design  cushion  pressure,  corresponding  to 
an  acceleration  level  of  about  one  g.  In  this 
case  the  power  dissipated  by  the  unsteady  wave 
train  is  four  times  the  power  needed  to  overcome 
the  steady  wavemaking  drag.  Of  course,  this 
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numerical  result  is  based  upon  a two-dimensional 
delta  function  distribution.  The  qualitative  res- 
ult should  not  differ  for  the  three-dimensional 
case.  Mo  Froude  number  effect  is  evident  in  the 
figure,  as  the  delta  function  distribution  has  no 
length  scale.  The  effect  of  a finite  length  scale 
would  be  to  introduce  'humps  and  hollows'  in  the 
curve  with  the  delta  function  result  representing 
an  upper  bound. 

All  this  means  that  one  can  expect  the  unsteady 
radiated  wave  patterns  to  dissipate  several  thou- 
sand horsepower  for  a 100  ton  testcraft  experienc- 
ing a one  g acceleration  level.  The  discusser 
feels  that  this  is  enough  horsepower  to  justify 
substantial  funding  for  research  into  the  phenom- 
enon. 

One  possible  explanation  fcrthe  pervasiveness 
of  the  controversy  regarding  the  importance  of  the 
surface  compliance  could  be  the  results  of  some 
early  work  done  by  Kaplan  (Ref. (35)).  He  also 
analysed  the  two-dimensional  delta  function  press- 
ure distribution  and  computed  the  energy  dissipa- 
tion due  to  wave  radiation.  His  results  indicate 
that  the  energy  decreases  with  speed.  There  must 
be  some  mistake  in  the  computation,  as  the  results 
should  depend  upon  the  nondimensional  frequency 
only  because  the  delta  function  has  no  length 


Author’s  Reply 


D.D.  MORAN 

The  author  would  like  to  thank  Dr.  Moran  for  his  * 
remarks  and  will  answer  the  points  raised  in  his 
discussion  in  order. 

The  effect  of  compressibility,  as  modelled  here, 
is  very  great.  Indeed,  attempts  were  made  to 
compute  the  motion  of  a 100  m long  craft  - corres- 
ponding to  pa/pgL  = 0.1  - but  without  success.  The 
calculated  motion  very  quickly  diverged,  indicating 
that  either  a smaller  time  step  was  needed  or  imp- 
roved extrapolation  techniques  utilised.  It  is 
also  thought  that  including  some  additional  effects 
such  as  fan  dynamics,  might  affect  this,  either  fa- 
vourably or  unfavourably. 

In  a similar  connection.  Dr.  Moran  suggests  us- 
ing actual  computed  values  of  the  density  in  the 
discharge  equations,  Eqs  (39)  and  (bo).  While  this 
would  probably  introduce  some  increase  in  accuracy, 
it  would  then  be  inconsistent  not  to  proceed  fur- 
ther and  use  the  full  unsteady  incompressible  Bern- 
oulli equations.  Moreover,  one  wonders  how  far  the 
concept  of  one-dimensional  quasi-steady  internal 
aerodynamics  can  be  trusted.  Large  effects  from  tie 
three-dimensional  unsteady  nature  of  the  flow  are 
to  be  expected.  Thus,  this  aspect  of  ACV  craft 
motion  alone  could  constitute  a major  research 
project. 

The  author  fully  agrees  with  the  comments  about 
the  vertical  seal  force,  Eq.(53).  It  would  be 
interesting  to  examine  the  wavemaking  and  viscous 
contributions  of  the  skirt,  although  rather  severe 
computational  problems  would  have  to  be  overcome. 


scale  ar.i  therefore  there  car.r.ot  be  any  spec!  iep- 
erdence.  The  results  are  clearly  ir.  conflict  with 
those  of  the  discusser  ar.i  Professor  Vu. 

The  author  has  compared  his  pitch  and  heave 
frequency  response  functions  with  experimental  r.es 
and  found  that  the  .natural  frequency  is  verpredir- 
ted  by  about  a factor  of  2.  Fig. 15  is  a heave 
frequency  response  function  computed  from  mciel 
data  for  a vehicle  quite  similar  to  the  craft  used 
by  Doctors.  This  craft  has  skirt  subdivision  and 
weighs  about  150  tons.  The  Froude  number  was 
1.33.  The  non-dimensional  natural  frequency  in 
heave  works  out  to  be  about  5,  which  is  closer  in 
agreement  than  the  data  cited  by  the  author.  The 
predicted  change  in  natural  frequency  with  wave 
amplitude  seems  peculiar  and  has  not  been  seen  in 
the  limited  experimental  data  available  at  this 
time . 

REFERENCE 

bv.  ".agnuson,  A.H.  The  disturbance  produced  hy 
ar.  oscillatory  pressure  distribution  in 
uniform  translation  on  the  surface  of  a 
liquid.  Journal  of  Engineering  Mathematics 
(I97f)  (to  be  published). 


Regarding  the  strong  nonlinearity  in  the  heave- 
versus’-wave-height  curves,  when  compressibility  is 
included  (Fig.Qa),  it  was  found  that  for  very 
small  wave  heights  (hw/L  = 0.001),  the  motion  con- 
verged to  a periodic  one  only  after  many  cycles. 
This  implied  the  need  for  a smaller  time  step, 
since  the  pressures  within  the  craft  become  badly 
behaved.  Of  course,  the  absolute  motion  approaches 
zero  for  small  wave  heights  as  required. 

The  pitch  motion  was  found  to  be  nonlinear  at 
small  wave  heights,  even  without  compressibility, 
this  being  due  to  the  equation  for  pressure  diff- 
erence across  the  stability  skirt.  This  point  is 
discussed  in  the  Introduction. 

M.R.  SWIFT 

The  author  is  pleased  to  learn  of  progress  of 
work  similar  to  his  own  - particularly  in  regard 
to  the  fact  that  there  is  agreement  in  the  location 
of  the  resonant  frequencies  for  a similar  craft. 

The  comments  about  numerical  stability  are  par- 
ticularly interesting  especially  in  regard  to  the 
predicted  fluctuations  in  the  cushion  pressures. 
This  problem  was  also  experienced  in  the  work 
leading  to  the  paper,  for  three  situations.  These 
were:  very  small  wave  heights  (see  discussion  of 
Dr.  Moran's  comments) ; lower  frequencies  (w^L/g  < 
b),  and  occasionally  the  resonant  condition. 

It  is  felt  that  the  difficulty  experienced  at 
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very  low  wave  heights  is  at  least  partly  related  to 
other  nonlinear  factors  at  work,  while  that  at  lew 
frequencies  was  due  to  the  larger  time  step  used 
'the  number  of  time  steps  per  cycle  was  kept  cons- 
tant for  all  frequencies,  since  this  choice  was 
found  suitable  as  far  as  extrapolation  of  craft 
motion  was  concerned).  Clearly,  in  the  latter  case 
one  needs  either  a smaller  time  step  due  to  the 
niimerical  instability  introduced  by  compressibility 
or  a more  sophisticated  extrapolation  method,  as 
mentioned  by  Dr.  Swift.  In  any  case,  calculations 
were  not  performed  in  the  low  frequency  range, 
since  compressibility  then  does  not  play  a role. 
Difficulties  at  the  resonance  are  not  surprising. 
Those  points  which  are  considered  to  be  unreliable 
are  indicated  in  Fig. 8.  Again,  a better  form  of 
extrapolation  is  needed  in  this  case. 

The  tiressures  plotted  in  Fig. 5 are  all  'genuine' 
in  the  sense  that  the  numerical  fluctuations  ref- 
erred to  did  not  occur  in  these  cases.  It  is  int- 
eresting to  note  that  the  craft  motion  itself  al- 
ways tends  to  be  better  behaved  than  the  pressures, 
since  it  is  obtained  by  an  integration  of  the 
latter. 


A.H.  MAGimSOJI 


There  appears  to  be  a disagreement  regarding  the 
location  of  the  kq  and  kl,  poles  for  the  super- 
critical case  (X  > 1).  One  does  not  need  the 
Rayleigh  viscosity  here,  since  these  two  poles  lie 
off  the  real  axis,  and  a simple  orincipal -value 
integral  can  be  taken,  without  considering  the  need 
to  deform  the  contour  and  the  consequent  inclusion 
of  contributions  from  residues.  An  examination  of 
Eq.(l5)  when  X > 1 shows  that  the  kq  pole  lies 
below  the  axis,  and  the  k^  pole  above  it. 

Incidentally,  for  X <1,  when  the  artificial 
viscosity  is  used,  the  reverse  is  true,  even 
though  the  imaginary  part  is  infinitesimal.  Thus 
the  transition  at  X = 1 is  indeed  undefined. 

The  locations  of  the  poles  are  in  agreement  with 
Wu  ( 38 ) . 

The  comments  about  the  9 integration  are  very 
interesting.  In  the  author's  programme,  the  terms 
corresponding  to  k^  and  kg  for  all  values  of  X , and 
kq  and  k),  for  X < 1 were  represented  by  the  auxil- 
iary functions  for  the  cosine-  and  sine-integral 
functions.  For  X > 1,  the  k,  and  k^  terms  had  to 
be  performed  numerically  since  the  required  expo- 
nential integrals  (with  a complex  argument)  were 
not  available  as  a comouter  subprogramme.  Finally, 
the  9 integral  was  obtained  numerically,  since  an 
attempt  to  produce  a simple  convergent  power  series 
was  unsuccessful. 

The  approach  of  Dr.  Magnuson  to  compute  the 
actual  energy  radiated  by  the  waves  illustrates 
the  large  losses  of  power  by  this  phenomena.  It 
would  be  instructive  to  repeat  the  analysis  for  the 
three-dimensional  case  under  discussion. 

The  author  is  grateful  to  Dr.  Magnuson 's  discu- 
ssion and  hopes  to  be  able  to  follow  some  of  his 
suggestions . 
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Fig.  15:  Heave  frequency  response  function  in  head  waves,  V«  = 40 
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Discussion  on  Paper  by  D.  Johnson  et  al 


L.J.  DOCTORS 

The  authors  have  plotted  acceleration  levels 
for  ’-arious  conditions  and  have  related  human  dis- 
comfort to  these.  The  discusser  has  seen  the  com- 
fort Droller,  examined  by  other  workers  in  connec- 
tion with  wheel-supported  trains  and  air-cushion- 
supported  trains.  As  well  as  finding  acceleration 
a strong  factor  in  affecting  the  quality  of  the 
ride,  it  appears  that  the  higher  derivatives  are 
also  important  - such  as  the  time-rate-of-change 
of  acceleration. 

Have  the  authors  considered  this  aspect  as  well, 
or  do  they  feel  that  the  acceleration  levels  alone 
are  sufficient  to  define  ride  comfort? 

r.c.  McGregor 

It  is  a pleasure  to  see  hydrofoil  presentations 
of  this  nature  from  'official'  U.K.  sources.  It  is 
also  encouraging  to  see  the  predicted  performance 
and  operational  endurance  of  the  1*50  tonne  hydro- 
foil comparing  so  well  with  the  destroyer. 

The  choice  of  both  craft  for  the  comparison 
seems  to  be  strange.  Apart  from  the  destroyer's 
commander's  quote  in  Eames  and  Drummond  (3),  com- 
parison with  a frigate  would  seem  to  be  a more 
obvious  step.  The  choice  of  1*50  tonnes  for  the 
hydrofoil  (scaling  up  Tucumcari  almost  8 times) 
without  reference  to  the  operational  scaled  up 
version  Pegasus  (1*  times)  also  seems  surprising. 

Is  it  to  be  concluded  that  the  rough  water  perfor- 
mance of  craft  currently- being  introduced  is  not 
considered  adequate  for  operation  in  the  Royal 
Navy's  main  sphere  of  operations  and  that  a further 
doubling  of  size  is  necessary  to  achieve  this? 
Generally,  information  on  motions  is  scarce,  impre- 
cise and  inconsistently  given.  From  the  informa- 
tion of  this  type  which  is  available  it  can  be 
argued  that  the  larger  hydrofoils  could  be  operate! 
in  the  North  Sea  in  an  oil  rig  protection  role 
(Ref. (21)).  The  clarity  of  the  presentation  of 
performance  data  and  the  attempt  to  come  to  grips 
with  the  crucial  problem  of  crew  tolerance  in  this 
paper  is  certainly  welcome. 

REFERENCE 

21.  McGregor,  R.C.  Oil  Rig  protection:  a role 
for  hydrofoils?  2nd  Int.Conf.on  Hovering 
Craft,  Hydrofoils  and  Advanced  Transit 
Vehicles,  Amsterdam,  1976. 


Authors  ’ Reply 


The  discussers  are  thanked  for  their  remarks 
which  we  shall  answer  individually. 

L.J.  DOCTORS 

No,  higher  derivatives  have  not  been  considered, 
we  have  merely  used  the  currently  accepted  tech- 
niques. We  do  not  agree  with  the  implication  that 
the  situation  is  an  either/or  one  but  think  that 
the  question  supports  one  of  the  points  of  the 
paper,  namely  that  the  application  of  human  res- 
ponse data  to  vehicle  evaluation  is  rather  poorly 
understood.  More  work  is  needed  in  the  area,  not 
only  for  application  to  unconventional  naval  craft, 
to  quantify  the  influence  of  various  effects  which 
have  hitherto  been  ignored. 

r.c.  McGregor 

We  would  agree  that  the  comparisons  made  in  the 
caper  indicate  the  potential  of  the  1*50  tonne  hydro- 
foil relative  to  the  much  larger  conventional  sur- 
face vessel,  but  would  emphasise  that  the  particul- 
ar size  is  purely  illustrative  and  was  selected  on 
the  basis  of  Ref. (3)  as  indicated  in  the  paper. 

It  would  certainly  be  wrong  to  draw  any  conclu- 
sions on  the  adequacy  of  current  designs  for  naval 
roles  on  the  basis  of  seakeeping  alone. 

In  recent  years  use  of  the  words  'destroyer'  and 
'frigate'  has  become  somewhat  blurred.  In  this 
instance,  the  choice  of  label  is  defended  for  con- 
sistency with  the  origin  of  the  data,  Ref.(ll*). 

The  resoonse  function  has,  in  fact,  been  scaled  to 
a length  of  110  m which  corresponds  to  the  length 
of  typical  modern  frigates. 

We  do  not  have  the  relevant  performance  data  for 
Pegasus  and  the  available  Tucumcari  information  is 
adequate  for  this  illustration. 

Whilst  the  authors  agree  that  the  larger  hydro- 
foils could  be  used  for  North  Sea  oil  rig  protec- 
tion, they  would  question  whether  the  deployment  of 
such  craft  would  be  an  optimal  solu' ion  to  that 
oarticular  problem. 
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Discussion  on  Paper  by  E.  Brzoska  et  al 


L.J.  DOCTORS 


The  discusser  would  like  to  refer  to  Fig.  10 
which  shows  the  resistance  of  the  ir.odel  ACV 
with  two  different  skirt  configurations  as  a 
function  of  the  forward  speed. 

The  considerable  difference  in  drag  for  the 
two  cases  is  most  surprising  - particularly  in 
regard  to  the  location  of  the  main  hump  in  the 
resistance  curve.  Furthermore,  model  CV06  dis- 
plays a negative  drag  at  zero  speed,  which 
could  possibly  be  explained  by  excess  leakage 
of  cushion  air  out  of  the  stern  due  to  the 
raised  skirt  there.  However,  the  resistance  is 
seen  to  become  even  more  negative  at  increasing 
speed  indicating  one  or  more  of  the  following: 
shallow  water  effects,  craft  trim  changing  due 
to  towing  point  being  too  high  above  the  model 
or  due  to  incorrect  ballasting,  unsteady  effects 
such  as  the  towing  boat  not  travelling  at  a 
constant  speed. 

A further  point  relates  to  the  external  air 
supply  system  used,  which  is  inherently 
different  from  an  on-board  fan.  One  wonders 
if  the  flexible  pipe  cannot  apply  a longitudinal 
force  when  it  is  buckled  (as  in  Fig.U)  and  is 
also  under  pressure. 

It  is  therefore  felt  that  further  elaboration 
of  the  experimental  technique  is  required,  plus 
the  supply  of  additional  data,  before  the 
graphs  will  serve  a useful  purpose. 


Authors’  Reply 


in  these  tests.  To  measure  only  a part  of  the 
total  drag  is  a well  known  practice  in  such 
experiments . 

The  air  supply  system,  used  in  our  tests  is  or.e 
in  which  air  ip  provided  from  a far.  located 
on  the  towing  boat  and  is  fed  to  the  model  by 
a tube  whose  last  part  is  the  extension 
(invisible  on  fig.Mof  the  joint,  running 
straight  downward  to  model.  The  exhaust  Diane 
of  this  ension  lies  at  the  model's  deck 
plane  or  somewhat  higher,  when  the  towing  boat 
is  at  full  speed;  in  no  case  can  this  extension 
touch  the  model  - in  a vertical  direction  for 
suitable  dimensions  and  in  a horizontal 
direction  because  of  the  nature  of  the  towing 
system.  This  one  is  stiffly  constructed  with 
a potentiometric  force  gauge  of  lead  ±0.5  mm 
fastened  between  the  lever's  upper  arms;  a 
separate  shock-absorber  is  located  at  the 
gauge  axis  and  does  not  permit  any  change  of 
distance  in  quasi-static  conditions.  The  stern 
guide  of  the  model  is  measured,  so  that  the 
distance  between  it  and  the  model  is  fixed  and 
it  is  not  possible  for  the  model  to  contact  the 
tube.  The  flexible  pipe  which  is  seen  in  fig.!* 
and  was  mentioned  by  the  discusser  is  only  a 
sealing  device  between  the  feeding  tube  and 
the  model;  this  flexible  element  is  connected 
to  the  edge  of  a hole  in  the  model's  deck  and, 
at  its  top  point,  to  the  feeding  tube.  At 
steady  conditions  pressure  in  the  space  between 
these  elements  is  static  only  and  the  force 
exerted  on  the  model  is  rather  negligible. 

From  another  point  of  view  part  of  the  dynamic 
head  pressure  (external  atmospheric  air  due 
to  the  motion)  was  registered  but  it  is  a 
small  quantity  and  easy  to  predict  approximately. 


The  authors  are  grateful  to  Dr.  Doctors  for 
his  constructive  questions.  Before  replying 
to  these  remarks  it  must  be  once  more  emphasi- 
zed that : 

a)  the  presented  data  are  only  selected  frag- 
ments of  greater  work  which  has  been  per- 
formed in  the  Ship  Research  Institute. 

b)  The  data  was  not  corrected  with  regard  to 
accessory  factors  and  also  was  not  presented 
in  nondimensional  form  mainly  to  point  out 
the  immediate  results  of  experiments. 

To  return  to  our  reply,  it  is  obvious  that  the 
external  air  supply  system  is  not  equivalent 
to  any  internal  one,  for  instance  to  an  on- 
board fan.  It  is  also  clear  that  not  all  the 
drag  components  of  a real  craft  were  measured 


The  next  questions  relate  to  experimental 
technique,  especially  to  the  test  conditions. 
Raised  fingers  at  the  stern  region  of  the 
skirt  are  a normal  practice  and  must  induce  a 
certain  consequence,  sometimes  in  the  form  of 
negative  drag.  This  phenomenon  is  well  recognized 
in  the  experimental  works  of  Everest  and  Hogben(3) 
and  it  is  possible  to  predict  it  by  common  sense. 
Shallow  water  effects  supposedly  affecting  our 
results  are  hot  easy  to  believe  in,  since  the 
water  depth  of  the  lake  oscillated  between  1*  and 
12  m,  which  means  values  of  d/a  (d  - water  depth 
and  a - half  length  of  craft)  on  the  same  level, 
while  shallow  water  conditions  are  studied  by 
Everest  and  Hogben  (3)  between  0.10  and  0.1*3  and 
by  Doctors  (1*)  between  0.25  and  1.00. 

With  regard  to  the  model's  speed,  maximal  depth 
influences  might  be  expected  between  Froude 
numbers  1.1*1  and  2.1*5  respectively  to  mentioned 
water  depths , but  it  also  must  be  remembered 
that  the  highest  cushion  pressures  used  by  us 
were  only  about  5.5  mbar.  The  overall  length  of 
the  lake  is  about  32  km  and  so  long  a running 
distance  gave  us  a little  space  to  make  a 
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suitable  choice.  Moreover  all  ten  skirts  were 
tested  at  the  sane  places  and  conditions  and  the 
influence  of  water  region  on  experinental 
results  n.ust  be  similar  in  all  cases. 

Longitudinal  model  trim  may  be  induced  by  in- 
correct location  of  the  towing  point.  This 
problem  was  taken  into  consideration  and  a 
suitabl-  position  was  kept,  although  it  might 
be  in  some  cases  a little  too  high,  when  the 
model  was  towed  without  a gyroscope  and  ballas- 
ting plummets  (model  weight  equal  to  76  kp),  but 
if  there  were  some  differences,  they  were  very 
small  and  occured  only  at  selected  speeds.  The 
main  reasons  for  trim  changes  are,  of  course,  of 
quite  a different  nature. 

Incorrect  ballasting  of  the  model  is  not  possible 
because  initial  trim  in  both  cases,  namely 
longitudinal  and  transversal,  were  exactly  con- 
trolled magnitudes  and  moreover  were  two  of  the 
main  parameters  in  our  tests.  Both  these  trims 
in  displacement  and  "on-cushion"  positions  are 
shown  in  the  figures  given  below. - "The  running 
trim  of  the  model  was  also-  registered  in  all 
cases . - ■ 

Wi-th"regard  to  the  possibility  of  unsteady 
effects,  measurements  were  made  at  constant 
speed,  the  time  period  for  fixing  a speed  was 
long  enr-igh,  and  measurements  were  made  for 
10  - 15  seconds  with  continuous  speed  registra- 
tion too. 

The  two  principal  groups  of  skirts  tested  by  us 
contain  eight  skirts  of  normal  SRN  or  BHC  type 
used  on  model  CVOlt  with  one  additional  1CV06 
(the  general  character  of  results  of  this  series 
conforms  with  predictions)  and  one  skirt  of 
another  type  named  2CV06.  The  internal  config- 
uration of  the  fingers,  the  localization  of  the 
feeding  holes  on  skirt  2CV06  (closed  type)  was 
different  from  normal  ones  (open  type)  and  for 
this  reason  the  motion  of  the  air  particles  in 
the  cushion  volume  was  not  quite  the  same.  In 
quality  tests  over  firm  ground  (as  in  fig. 6 
conducted  from  a concealed  chamber  placed  under 
the  plate)  we  detected  the  presence  of  three 
pairs  of  air  vortices  (instead  of  one)  in  a 
cross-sectional  cut.  The  kind  of  motion  of  the 
air  particles  and  also  other  features  are 
probably  liable  for  such  unexpected  results. 

This  situation  is  developed  by  a completely 
changed  flow  pattern  and  thus  pressure  distri- 
bution on  the  water  surface.  In  our  opinion 
the  new  pressure  distribution  modifies  the 
shape  of  the  resistance  curves  in  the  speed 
region  where  wave  drag  is  a main  component  of 
the  total  drag.  The  influences  of  the  immersed 
side  skirt  edges  on  the  pressure  distribution 
in  the  craft  cushion  must  be  taken  into  account. 
We  think  that  the  full  picture  of  the  flow  in 
the  hovercraft  cushion  is  sometimes  of  a rather 
delicate  nature  and  may  differ  witn  pure 
theoretical  models. 


Fig. 28  shows  that  the  drag  curves  agreed  with 
the  best  trim  conditions  for  both  model  weight 
states.  The  data  refers  to  previous  experi- 
ments with  a model  of  small  weight  and 
is  the  initial  longitudinal  trim  of  model* 
when  on-cushion  at  rest.  Figs.  29  to  3**  show 
the  results  of  experiments  with  both  skirts 
on  model  CV 06,  especially  with  regard  to 
initial  longitudinal  and  transverse  trim. 

It  is  interesting  to  see  how  the  model  with 
skirt  No.l  (open  type!  responds  to  initial 
bow  trims  and,  moreover,  how  different  are  the 
reactions  of  the  model  with  skirt  N’o  2 (closed 
type)  to  initial  trims  (Fig. 32  compared  with 
fig. 29)  and  at  running  conditions  (resistance 
curves  on  figs. 33  and  3^),  where: 

m^,  - initial  longitudinal  trimming  moment  with 
reference  to  the  model's  centre  of  gravity 
coordinate  system  (kpm): 

m^,  - initial  transversel  trimming  moment  with 
reference  as  above  (kpm). 

Additionally  fig. 35  shows  how  small  differences 
in  the  skirt  geometry  (here  the  introduction  of 
small  plates  on  the  edge  of  the  attack  of 
stern's  fingers)  influence  the  shape  of 
the  drag  curves. 
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We  are  pleased  to  present  further  data  on  this 
theme  for  skirt  numbers  1 or  2 CV06  with  mean 
cushion  static  pressures :- 

state  I 3,8  mbar  ( model  weight  J6  kp) 
state  II  5,5  mbar  ( model  weight  110  kp). 
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Fig.  28:  Influence  of  models'  weights  on  total 
measured  drag 


Fig.  29:  Band  of  initial  trims  for  skirt  1 CV06 
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Discussion  on  Paper  by  Kaplan  et  al 


L.J.  DOCTORS 

The  discusser  is  pleased  to  see  the  present  pa- 
ner  because  there  is  little  published  information 
on  SES  dynamics  in  the  literature. 

One  of  the  interesting  results  indicated  by  the 
authors  is  that  the  presence  of  the  bubble  pressure 
has  little  influence  on  the  side  force  and  yaw  mo- 
ment acting  on  a manoeuvring  SES.  Could  the  auth- 
ors elaborate  on  this  phenomenon  and  give  a physi- 
cal explanation  for  it? 

The  discusser  is  also  concerned  about  the  rep- 
resentation of  the  vertical  force  on  the  stern  seal 
given  by  (15).  This  equation  represents  the  force 
as  being  proportional  to  both  the  craft  forward 
speed  and  the  vertical  velocity  of  the  seal.  What 
is  the  basis  for  this  equation? 

Finally,  in  regard  to  the  impacting  of  the  bow 
bag  with  the  water  surface,  which  is  depicted  dur- 
ing various  stages  of  the  slamming  in  Fig.lt,  do 
the  authors  think  that  this  process  could  be  anal- 
ysed mathematically  as  a planing  surface  (whose 
shape  is  to  be  found) , either  in  a quasi-steady 
manner  or  in  a properly  unsteady  manner? 


Authors9  Reply 


The  authors  appreciate  the  questions  and  inter- 
est of  Dr.  Doctors  for  this  particular  subject. 

With  regard  to  his  first  question,  it  is  difficult 
to  provide  a precise  physical  explanation  since  no 
measurements  and/or  observations  of  the  water  flow 
within  the  cushion  were  made  in  any  c our  model 
test  investigations.  However,  it  is  .own  that 
there  are  certain  anomalies  in  the  rc  .1  moment  beh- 
aviour as  sideslip  angle  varies  which  indicate 
that  there  must  be  alterations  in  the  water  eleva- 
tions along  the  inner  walls  of  the  sidewalls  on  ei- 
ther side  due  to  the  travelling  bubble  pressure. 
These  varying  elevations  contribute  to  the  roll  mo- 
ment, but  their  influence  is  probably  'balanced'  in 
regard  to  the  side  force  and  yaw  moment,  leading  to 
little  effect  on  these  reactions. 

For  the  second  question,  concerning  the  vertical 
force  on  the  stern  seal,  the  basis  for  this  equa- 
tion is  the  mathematical  representation  of  the  lift 
force  on  a large  aspect  ratio  planing  surface 
according  to  linear  theory. 

As  far  as  the  question  concerning  a method  of 
mathematical  analysis  for  the  impacting  bow  bag  is 
concerned,  that  process  can  certainly  be  viewed  as 
a planing  surface  with  varying  shape  (which  is  to 


be  found  within  the  course  of  any  detailed  analy- 
sis), and  is  the  basis  for  a simplified  mathemati- 
cal model  which  we  have  proposed  for  representing 
this  process.  However,  a more  precise  analysis 
that  properly  accounts  for  the  deformation  by  into- 
relating  the  shape,  hydrodynamic  forces,  and  the 
air  flow  compression  equations  would  certainly  be 
a welcome  addition  to  the  analytical  literature  for 
SES  craft. 
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THE  INTERACTION  OF  STATIONARY  VESSELS  WITH 
REGULAR  WAVES 


J.  N.  NEWMAN 

Massachusetts  Institute  of  Technology,  Cambridge,  Mass,  USA 


SYNOPSIS 

A set  of  unified  relations  are  derived,  based  upon  Green's  theoi’m,  for  the  interactions  of  vessels  with 
regular  waves.  Interest  is  focused  on  the  far-field  wf.ves  radiated  and  scattered  by  the  body,  and  on  the 
first-order  forces  and  moments  acting  upon  it.  Derivations  are  given  for  the  symmetry  of  the  damping  and 
added-mass  coefficients,  inter-relations  between  the  reflection  and  transmission  coefficients,  Haskind's 
relations  for  the  exciting  forces , and  a set  of  new  relations  between  the  radiated  and  scattered  waves.  The 
utility  of  these  diverse  relationships  is  illustrated  in  an  analysis  of  the  extraction  of  wave  energy  by  a 
floating  body. 


1.  INTRODUCTION 

The  analysis  of  the  effects  of  water  waves  upon 
ships  and  other  vessels  was  initiated  in  the  last 
century  by  William  Froude  and  A.  N.  Krylov,  who  ne- 
glected hydrodynamic  interactions  and  assumed  the 
fluid  pressure  to  be  that  of  the  waves  in  the  ab- 
sence of  the  vessel.  This  assumption  is  now  gener- 
ally known  as  the  Froude-Krylov  hypothesis.  Subse- 
quent investigators  became  progressively  more  ambi- 
tious, particularly  in  the  past  two  decades  when 
computations  have  been  facilitated  by  the  availability 
of  large  digital  computers.  Various  approximate 
schemes  have  been  set  forth  for  including  the  ef- 
fects of  the  body  on  the  surrounding  fluid,  and 
"exact"  linearized  treatments  have  been  given  for 
some  simplified  geometries  such  as  circular  cylin- 
ders and  other  simple  two-dimensional  shapes,  as 
well  as  spheres  and  spheroids  in  three  dimensions. 
More  general  bodies  have  been  analysed  by  approaches 
which  are  inherently  numerical.  Thus,  in  the  context 
of  stationary  bodies  (i.e.,  the  case  of  zero  forward 
velocity)  and  excluding  situations  where  viscous  or 
nonlinear  effects  are  significant,  it  can  be  said 
that  theoretical  and  numerical  methods  are  well 
developed. 

During  recent  years,  as  contributions  in  this  field 
have  become  more  complete  but  also  more  complicated, 
interest  has  not  diminished  in  those  simple  rela- 
tions and  results  which  add  perspicuity  to  the 
field  and  afford  opportunities  for  checking  or  sim- 
plifying the  more  ambitious  calculations.  My  own 
personal  appetite  for  simple  results  of  this  sort 
was  stimulated  fifteen  years  ago  by  the  discovery 
of  the  Haskind  relations,  wherein  the  exciting 
forces  in  waves  could  be  determined  from  relatively 
simple  formulae  in  terms  of  the  properties  of  the 
solution  for  forced  oscillations  in  calm  water.  At 
that  time  there  had  already  been  developed  several 
solutions  and  computations  for  the  forced-motion 
problem,  whereas  relatively  few  direct  calculations 
had  been  made  of  the  corresponding  exciting  forces. 
Thus  the  Haskind  relations  extended  our  knowledge 
of  the  exciting  forces  and  permitted  a check  on 
the  few  direct  solutions  which  did  in  fact  exist. 

One  danger  of  deriving  simple  relationships  is  the 
possibility  that  they  may  seem  in  retrospect  some- 


what obvious  or,  worse,  not  original.  Haskind's 
relations  offer  a good  example  of  this,  the  credit 
being  given  on  the  basis  of  the  paper  by  Haskind 
(1),  in  which  he  set  forth  the  essential  relations 
based  on  Green's  theorem.  Only  later  did  I realize 
that  Hanaoka  (£)  had  derived  the  same  results  inde- 
pendently whereas  Ogilvie  (3)  has  emphasized  that 
these  relations  are  a consequence  of  more  general 
reciprocity  relations  derived  by  Chertock.  To 
demonstrate  the  futility  of  such  soul-searching  it 
may  be  noted  that  the  same  reciprocity  relations 
were  the  subject  of  an  early  paper  by  Lamb  (4)! 

Reciprocity  relations  of  the  type  described  above, 
and  the  Haskind  relations  in  particular,  are  gener- 
ally based  on  Green's  theorem.  The  intent  of  the 
present  paper  is  to  systematically  collect  the 
various  relationships  which  can  be  derived  on  this 
basis,  and  which  pertain  to  the  interaction  of 
vessels  with  regular  waves.  Some  of  these  relations 
are  very  old,  whereas  a few  are  completely  new. 

The  motivation  for  presenting  them  together  is, 
partially,  the  efficiency  of  a unified  presentation 
which  may  Justify  the  repetition  of  well-known 
results.  But,  more  importantly,  we  derive  the 
complete  set  of  these  relations  in  a systematic 
manner  so  as  to  minimize  the  chance  that  some  addi- 
tional relation  of  practical  importance  is  over- 
looked. The  possibility  of  this  happening  may  seem 
remote,  in  view  of  the  classical  nature  of  this 
subject,  but  a counter-example  is  the  fact  that  the 
developments  to  be  outlined  in  §8,  relating  the 
far-field  waves  of  the  scattering  and  forced-motion 
problems  are  (to  the  author's  knowledge)  new  within 
the  past  year.  The  two-dimensional  analysis  of 
these  relations  has  been  presented  in  a separate 
paper  (£) , but  the  three-dimensional  extensions  are 
presented  here  for  the  first  time. 

As  an  application  of  the  results  to  be  derived  in 
§§2-9,  we  shall  consider  in  §10  the  analysis  of 
wave  energy  extraction  by  a floating  body.  Here  it 
will  be  seen  that  our  various  relations  enable  us 
to  simplify  greatly  the  formulae  for  energy  ex- 
tracted by  the  body,  and  to  draw  rather  general 
conclusions  regarding  optimum  body  shapes  and 
motions.  This  application  was  suggested  to  the 
author  by  Dr.  T).  V.  Evans,  and  is  treated  more 
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completely  by  Evans  in  his  paper  to  this  Symposium 

(6). 

Throughout  the  analysis  we  shall  usually  consider 
both  two-  and  three-dimensional  problems  simultan- 
eously, indicating  these  by  pairs  of  equations 
numbered  with  suffixes  a and  b respectively. 

In  two  dimensions  the  incident  waves  are  assumed  to 
have  crests  parallel  to  the  body,  but  the  more 
general  case  of  oblique  incidence  can  usually  be 
accomodated  by  straightforward  extensions.  More 
significantly  our  attention  is  restricted  to  the 
case  of  zero  forward  speed.  Again,  in  most  cases 
at  least,  forward  speed  can  be  accomodated,  but  not 
without  considerable  complexity  and  the  necessity 
to  introduce  additional  assumptions.  Thus  we  shall 
consider  here  only  the  "stationary"  case  which  is 
of  limited  interest  to  the  classical  naval  architect, 
but  of  much  greater  importance  to  the  modern  ocean 
engineer  concerned  with  drilling  rigs,  fixed  struc- 
tures and  various  types  of  floating  platforms. 

1.1  Notation 

A incident  wave  amplitude 

Bjj  damping  coefficient 

D parameter  defined  by  (18)  proportional 

to  group  velocity 

dE/dt  rate  of  energy  extraction 

Fjj  force  coefficients 

f radiating  wave  amplitude 

g gravitational  acceleration 

H(0)  Kochin  function 

h fluid  depth 

(i,j)  indices  denoting  particular  components 
of  potentials,  normal  vector,  or  modes 
of  body  motion 

k wave  number 

n unit  normal  (positive  into  body  or  out 

of  Sc) 

p pressure 

R polar  radius,  reflection  coefficient 

Sg  body  surface 

Sq  control  surface  at  infinity 

T transmission  coefficient 

t time 

V velocity  of  body 

Vg  group  velocity 

x,y,z  Cartesian  coordinates 

a phase  angle  of  Kochin  function 

8 wave  incidence  angle 

0 polar  angle 

p density  of  fluid 

4>,<t>  velocity  potentials 

<t>d  diffraction  potential 

$2  incident  wave  potential 

<j>r  radiation  potential 

4>s  scattering  potential 

<li  potential  satisfying  radiation  condi- 

tion (either  <f>d  or  <(ir) 


ui  frequency 

* complex  conjugate 

(+)  wave  amplitude  at  + °° 


2.  THE  BOUNDARY -VALUE  PROBLEM 

We  consider  an  ideal  fluid  of  constant  depth  h , in 
which  is  situated  a floating  or  submerged  body  with 
wetted  surface  Sg  . Cartesian  coordinates  (x,y,z) 
are  utilized  with  z“0  the  static  plane  of  the 
free  surface  and  z=-h  the  bottom.  Assuming  os- 
cillatory wave  motion  of  period  2ir/ui  , and  small 
amplitude,  the  velocity  potential  can  be  expressed 
in  the  form 

<Mx,y,z,t)  - Re  [(J>(x,y,z)  e-ia)t]  , (1) 

where  VJ4>  = V2<t>  =0  throughout  the  fluid.  In  the 
special  case  of  two-dimensional  motion  the  depen- 
dence on  y will  be  suppressed  with  the  motion 
confined  to  the  x-z  plane. 

The  linearized  boundary  condition  to  be  applied  on 
the  free  surface  is 

+ g't’z  = 0 on  z=0,  (2) 

or 

U)2(j>  - g 4>  - 0 on  z*=0  . (3) 

z 

On  the  fluid  bottom  z=-h  the  appropriate  boundary 
condition  is 

<t>z  - 0 , (4) 

and  on  the  body  surface  Sg  , 


where  vn  denotes  the  complex  amplitude  of  the 
normal  velocity  on  Sg  . The  unit  normal  vector  jn 
is  directed  out  of  the  fluid  domain  and  into  the 
body. 

A solution  of  all  but  the  last  boundary  condition 
is  the  incident  plane-wave  potential 

^l  = ^ C°coshkhh)  exP  [ik(x  cos8  + y sin8)  ] , (6) 

Here  A is  the  (complex)  wave  amplitude,  8 the 
angle  of  incidence  relative  to  the  x-axis,  and  k 
is  the  wavenumber  defined  by  the  dispersion  equation 

U)2  * gk  tanh  kh  . (7) 


In  general  we  are  interested  in  the  interaction 
between  the  incident  wave  (6)  and  the  body,  which 
may  be  either  fixed  or  moving  with  oscillatory 
velocity.  This  general  case  may  be  decomposed 
linearly  into  a scattering  problem,  where  the  body 
is  fixed  and  subject  to  incident  waves,  and  a 
radiation  problem,  where  the  body  is  forced  to 
oscillate  with  appropriate  normal  velocity  in  other- 
wise calm  water.  Denoting  the  corresponding  vel- 
ocity potentials  by  (J>s  and  <(>r  respectively,  the 
appropriate  boundary  conditions  on  the  body  Sg 
are  that  ' 

3(j)g/3n  - 0 , (8) 
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or 

3<|>r/3n  = vn  . (9) 

The  boundary-value  problems  for  <(>s  and  <|>r  are 
completed  by  Imposing  a radiation  condition,  that 
the  waves  due  to  the  presence  of  the  body  are  out- 
going at  infinity.  In  the  scattering  problem  the 
incident  wave  must  be  excluded  from  this  condition, 
hence  we  write 


If  both  potentials  ijjj  , satisfy  the  radiation 
condition  (11),  the  infegral  over  Sc  will  vanish, 
as  is  readily  confirmed  by  direct  substitution  and 
evaluation  of  the  appropriate  normal  derivatives. 

It  follows  that 


<t>s  “ $1  + <t>d  • UO) 

where  the  diffraction  potential  <j>d  represents 
the  disturbance  of  the  incident  wave  due  to  the 
body. 

In  their  simplest  form  the  radiation  conditions 
applicable  to  <J>d  and  ()>r  will  differ  for  two- 
and  three-dimensional  motion.  In  the  two-dimen- 
sional case  outgoing  plane  waves  are  prescribed  at 
infinity,  hence 


I(*i’V  = -ffSc(^iSL-^Si)dS-°  (14) 

(i=d,r;  j=d,r)  . 

There  will  be  contributions  from  Sq  if  one  or 
both  of  the  potentials  are  of  the  scattering  type 
(10),  since  the  incident  wave  potential  does  not 
satisfy  the  radiation  condition  (11).  To  be  quite 
general  we  suppose  that  both  potentials  <J>j  and  <f>, 
are  of  the  form  J 


f (±)  cosh  k(z+hj  ±ikx  _ + 00 

1 j cosh  k h e ’ aSX  - • 

(Ha) 


Here  (j=d,r)  is  an  index  denoting  the  corres- 
ponding potential,  and  fj 'i'  denotes  the  (unknown) 
amplitude  of  the  radiatedwave  motion.  For  three 
dimensions  the  corresponding  condition  is  expressed 
as 


= (kR)-1  /2 


„ cosh  k(z+h)  ikR 

fj(0)  cosh'kh  e 


as  R->-<»  , 
(lib) 


where  (R,6)  are  polar  coordinates  about  the 
z-axis,  and  fj(0)  denotes  the  angular  dependence 
of  the  outgoing  waves. 


3.  GREEN'S  THEOREM  AND  THE  KOCHIN  FUNCTIONS 
For  any  pair  of  harmonic  functions  (j>^  , Green's 
theorem  states  that 


■ Js 


(4> 


i 3n 


34>i 

- W ds 


(12) 


where  S is  a closed  surface  surrounding  any 
region  where  the  two  potential  functions  are  har- 
monic. This  theorem  is  the  basis  for  the  relations 
which  we  shall  develop  here,  ranging  from  the  clas- 
sical proof  of  symmetry  of  the  damping  and  added- 
mass  matrices  to  new  expressions  between  the  far- 
fleld  waves.  In  all  cases  we  take  S to  consist 
of  the  body  surface  Sg  , a circular  cylindrical 
control  surface  of  large  radius  R about  the 

vertical  z-axis  which  extends  upwards  from  the 
fluid  bottom  to  the  free  surface,  as  well  as  the 
circumscribed  portion  of  the  fluid  bottom  z--h 
and  free  surface  z=0  exterior  to  the  body.  For 
the  two-dimensional  case  a similar  version  of 
Green's  theorem  holds  with  S replaced  by  a cor- 
responding contour  of  integration. 


From  the  boundary  conditions  (3-4)  there  are  no 
contributions  to  (12)  from  the  free  surface  or 
bottom,  hence  it  follows  that 

"VV  5 11, 

SB 


(<l> 


i 3n 


3<t>i 

»j3r)ds 


vi,i  yIl.j 


+ % 


i.j  ’ 


(15) 


where  ^Iijj  ate  two  distinct  incident  waves  with 
different  amplitudes  A^  j and  directions  6^  , 
while  lp^  j are  diffraction  or  radiation  potentials 
which  satisfy  (11).  The  resulting  contributions  to 
(13)  from  the  integral  over  Sq  are 


K^,^)  = 


• s 


3<f>H 
(<j>  - — 1 


3<p 


Ii 


Ii  3n  yIj  3n 


) dS 


Wt 


dip. 


9<J). 


_ f j„  ^Ii  3^  ' 3n 


Ii 


34)-,  BiP, 

+ *id^-  *1]  iT>  dS 


- fL 


dip 4 


dip. 


3^  - *3  *T>  ds  • 


(16) 


The  first  integral  in  this  equation  vanishes  iden- 
tically, since  the  incident  potentials  are  harmonic 
throughout  the  interior  of  Sc  (including  the 
interior  of  the  body  surface  SB) . The  last  inte- 
gral in  (16),  involving  only  the  radiating  wave 
potentials,  also  vanishes  by  virtue  of  (14). 


The  remaining  integral  in  (16),  which  involves 
cross-terms  between  the  incident  and  radiated  waves, 
can  be  evaluated  from  (6)  in  terms  of  the  so-called 
Kochin  functions 

k 17  3 

Ve)  • - 5 I L - *s  3i> 

bB 

* {^cosirnr-  exPt-lk(xcos9  + ysin0)]JdS  , (17) 
where,  following  Wehausen  (7), 

D * tanh  kh  + kh  sech2  kh  * ~ , (18) 


and  vg  i8  the  group  velocity  doo/dk  . A separate 
definition  of  the  two-dimensional  Kochin  function  is 
customary  (7) , where  the  factor  k outside  the 
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Integral  Is  deleted.  However  for  convenience  we 
shall  extend  the  definition  (17)  to  hold  for  two 
dimensions  as  well,  with  the  convention  that  the 
wave  angle  8 Is  then  equal  to  0 or  it  . The 
Kochln  functions  play  a fundamental  role  In  wave- 
body  Interactions,  and  will  be  used  extensively 
hereafter.  It  may  be  noted  from  (13)  that  they  can 
be  expressed  alternatively  as  the  negative  of  the 
same  integral  over  the  control  surface  Sc  . 

Using  (17)  to  evaluate  the  remaining  second  inte- 
gral in  (16),  it  follows  that 

KVV  “ - St  {vyw+Bi)  - AjH1(TT+BJ)|  . (19) 

This  effectively  completes  the  evaluation  of  the 
integrals  defined  by  (13).  However,  additional  and 
complementary  relations  can  be  developed  by  ap- 
plying Green's  theorem  to  the  complex  conjugates 
. Note  that  these  functions  are  also  harmonic, 
and  satisfy  the  free-surface  and  bottom  boundary 
conditions,  so  that  (13)  remains  valid  if  either  or 
both  of  the  potentials  are  replaced  by  their  con- 
jugates. Physically  these  conjugate  potentials  are 
of  limited  interest;  from  (1)  they  are  seen  to  cor- 
respond to  the  solutions  for  problems  with  reversed 
time,  and  from  the  radiation  conditions  (11)  it  is 
obvious  that  the  conjugate  potentials  i)i*  will 
have  incoming  waves  at  infinity.  But  the  consider- 
ation of  these  non-physic.al  solutions  is  mathemat- 
ically useful,  and  enables  us  to  derive  conclusions 
of  considerable  practical'  importance. 

If  Green's  theorem  is  applied  to  and 

together,  no  new  results  are  obtained  since  this 
corresponds  to  taking  the  complex  conjugate  of  (13) 
or  (19)  directly.  But  if  one  of  the  two  original 
potentials  is  retained,  and  the  other  replaced  by 
its  conjugate,  then  additional  and  independent 
relations  will  follow  due  to  the  opposing  radiation 
conditions  for  the  two  functions.  In  particular, 
the  complementary  expression  to  (16)  is 


Once  again  there  is  no  contribution  from  the  first 
integral  in  this  equation,  since  ♦n  and  ^ij* 
are  both  harmonic  throughout  the  interior  of  . 
Using  (17)  to  evaluate  the  second  integral  as  in 
(19),  it  follows  that 

I(*i'V>  ■ " Se  {AiHj*(B4)  * VHi<Bj>} 

rr  3i|i> 

-JJ  Witt1-  -Vtt^  dS  • <»> 

where  the  integral  must  be  retained  since  i}1!  and 


'i'j*  astisfy  different  radiation  conditions. 


In  order  to  evaluate  the  remaining  integral  in  (21), 
we  now  consider  the  far-field  asymptotic  behavior 
of  '/'i , j f specifically  the  relation  which  exists 
between  the  amplitude  of  the  far-field  wave  motion 
and  the  Kochin  functions.  After  recalling  that  the 
control  surface  Sc  is  in  the  far  field,  where  the 
radiation  conditions  (11)  are  asymptotically  valid, 
we  substitute  these  expressions  for  the  potential 
in  the  Kochin-function  integrals  (17)  and  perform 
the  vertical  integration  from  -h  to  0 , which 
yields  the  two-dimensional  relation 


H 


j 


i k f 


(+) 


j 


(22a) 


and,  in  three  dimensions, 
,2ir 


Hj  (0)  -^i(kR)‘/2|  de' fjO')  [l  + cos(8-e' 
exp'|ikR[l  - cos(8-8^)  . 


(22b) 


Since  kR » 1 , the  last  integral  can  be  evaluated 
by  the  method  of  stationary  phase  to  give  the  de- 
sired three-dimensional  analog  of  (22a)  in  the  form 


Hj  (9)  - i(2ir)l/2  fj(8)  ellr/l*  . (23) 


Thus,  using  (22a)  and  (23)  with  (11)  for  the  two- 
and  three-dimensional  cases  respectively,  the  far- 
field  asymptotic  expressions  for  can  be  ex- 

pressed in  terms  of  the  Kochin  functions  as  follows: 


J /2ikR  COshkh 


X -*•  +°°  , 

(24a) 

kR-*-«°  . 
(24b) 


Substituting  (24)  in  the  integral  of  (21)  and  per- 
forming the  vertical  integration  it  follows  that, 
in  the  two-dimensional  case, 

I(W>  - [AiHjMB^-Aj^Bj)] 

+ FtHi(°)  • 

(25a) 

whereas  in  three  dimensions  the  corresponding  ex- 
pression is 

x«i*V>  = -S  lAiHj*(6i)  - VHi<Bj)] 

,2TT 

+ Ilk  \ Hi(6)  H1*(9)  d6  • (25t) 

This  completes  the  derivation  of  the  analogous 
equations  to  (19)  for  the  case  when  one  potential 
is  replaced  by  its  conjugate.  In  subsequent  sec- 
tions the  relations  (19)  and  (25)  will  be  applied 
to  different  situations  to  obtain  a variety  of  re- 
lationships between  the  physical  parameters  of 
practical  Interest  in  describing  wave-body  inter- 
actions. 
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4.  SYMMETRY  OF  THE  RADIATION  FORCES 
As  Che  first,  and  most  familiar  application  of 
Green's  theorem,  we  suppress  the  incident  waves  and 
suppose  that  ^i,j  correspond  to  two  forced  mo- 
tions of  the  body  in  different  modes,  with  unit 
velocities.  Using  the  linearized  Bernoulli  equa- 
tion for  the  pressure,  the  hydrodynamic  force  com- 
ponent Fij  in  the  direction  i due  to  a unit 
velocity  of  the  body  in  the  direction  j is  given 
by 

F±j  - iojp  ||  nj^  dS  , (26) 

B 


The  same  expressions  can  be  derived  by  analysis  of 
the  energy  radiation  at  infinity,  or  alternatively 
of  the  work  done  on  the  body  surface  (cf.  equation 
(58)). 

6.  RELATIONS  BETWEEN  THE  SCATTERED  WAVES 
Now  let  us  apply  (19)  and  (25)  to  a pair  of  scat- 
tering potentials  4>  j , <f>2  of  the  form  (15),  both  of 
which  satisfy  the  homogeneous  boundary  condition 
(8).  In  view  of  this  condition,  and  (13),  I(<t>!  ,^2) 

and  I (<f> j ,$2*)  vanish.  Thus,  from  (19), 

A,  HjOr  + Bj)  - Aa  H^u  + Bj)  - 0 (32) 


where  "j  denotes  the  appropriate  component  of  the 
unit  normal  vector  on  the  body  surface.  This  ex- 
pression may  be  generalized  to  include  the  hydro- 
dynamic  moment,  and  higher-order  loadings  as  well, 
simply  by  extending  the  definition  of  n^  to  be 
the  corresponding  component  of  (.r*n)  , etc. 

In  view  of  the  definition  of  , the  boundary 
condition  on  the  body  surface  takes  the  form 

3<t>1/3n  - ni  . (27) 


and,  from  (25), 


A,H*(8i)  -A*H,(B2)  - 


ptHjfOH^O)  +Hj  (tt)H2*(tt) ] 
(33a) 

H, (6)  Hj*(8)  d0  . 

(33b) 


,2 

io) 

2it8  J. 


Hence  (26)  may  be  expressed  as 

[[  3<tli 

Fij  " loJp  JL  8rT  dS  ' (28) 

^B 

Since  both  potentials  in  (28)  satisfy  the  radiation 
condition  at  infinity,  it  follows  immediately  from 
(13)  and  (14)  that 


In  the  two-dimensional  case,  it  is  more  convenient 
to  define  the  wave  amplitudes  at  infinity  in  terms 
of  reflection  and  transmission  coefficients  R and 
T . Here  one  must  discriminate  between  the  two 
cases  of  waves  incident  from  minus  or  plus  infinity, 
proportional  to  ei^'cx  . We  shall  denote  these  two 
scattering  potentials  by  <t>i(2  respectively,  and 
transmission  coefficients  R,  2 and  T,  2 . These 
can  be  defined  by  the  following  asymptotic  condi- 
tions on  the  free  surface  z=0  at  |x|  -<*>  s 


F 


ij 


Ji 


(29) 


This  is  the  classical  symmetry  relation  for  the 
hydrodynamic  pressure  force.  Physically,  the  force 
in  one  mode  due  to  a unit  motion  in  a second  mode 
is  equal  to  the  force  in  the  second  mode  due  to 
unit  motion  in  the  first. 


0) 

8A1 


and 


ikx  , 


ikx  , _ -ikx 
e + Rj  e 


x ■*■  + » , 

(34) 

x-*-  -CO  , 


5.  ENERGY  RADIATION  AND  DAMPING  FORCES 
Proceeding  as  in  §4  with  'f’i.j  the  potentials  for 
two  forced  motions  with  unit  velocities,  but  using 
(25)  in  place  of  (14),  it  follows  that 


e-ikx  + fiikx 

2 


X -►  +00 


T 

2 


-ikx 


e 


(35) 


- fL  «iV  Wds  -iib<Fij+V> 

SB 

[Hi(0)  HjMO)  +H1(ir)  HjMit)]  (30a) 
iD  ,** 

2irk  H1(6)H  *(8)  d9  . (30b) 

Using  the  symmetry  relation  (29)  to  replace 
by  , an  expression  is  obtained  for  the  real 

part  of  -Fjj  , or  the  damping  coefficient  Bjj  , 
in  the  form 


Comparing  these  with  (24a)  and  noting  that  Bj-0  , 
82=tt  , the  Kochin  functions  are  related  to  the  re- 
flection and  transmission  coefficients  by  the  equa- 
tions 

Ri  " " ikS^  Hi(7T+Bi)  . (1-1,2),  (36) 

and 

Ti  = 1 - W ’ <37> 

It  follows  from  (32)  and  (37)  that 

Tj  - T2  = T . (38) 


BiJ  * "Re<V 


tHi(0)  Hj*(0)  +H1(rr)  Hj*(tt)] 


lij,  H1(9)Hj*(e)de  . 


(31a) 

(31b) 


Substitution  of  (36)  and  (37)  in  (33a)  gives  a 
total  of  three  additional  relations: 

RiRi*  + TiTi*  " 1 * • (39) 

Tj  Rj*  + Tj*  R,  - 0 . (40) 
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Equation  (39)  is  the  classical  expression  of  con- 
servation of  energy,  which  holds  separately  for 
each  of  the  two  scattering  problems.  In  conjunc- 
tion with  (38)  it  follows  that 

l*i I = 1**1  • (4i) 

Equation  (40),  with  (38),  gives  the  phase-angle  re- 
lation 

arg(Rj)  + arg(R2)  = n + 2arg(T)  . (42) 

The  expressions  (38-42)  have  all  been  derived  ear- 
lier by  Kreisel  (8)  and  Meyer  (9)  and  re-derived  by 
Newman  (10). 


JL  »s^dS--$Ay*+e)  . (44) 

B 

where  the  subscripts  are  no  longer  required  for  the 
incident  wave  amplitude  A and  direction  8 . By 
analogy  to  (28),  the  left  side  of  (44)  is  propor- 
tional to  the  j ' th  component  of  the  wave  exciting 
force  exerted  on  the  fixed  body  by  the  incident 
waves . Thus 

Xj  " *sSidS  “-^V^B)  (45) 


The  corresponding  three-dimensional  relations  will 
be  noted,  although  these  appear  to  be  of  somewhat 
less  practical  importance.  From  (32)  it  follows 
that  incident  waves  of  unit  amplitude  and  arbitrary 
direction  8j  will  have  a diffracted  amplitude,  in 
the  direction  n+B2  , equal  to  that  of  unit  waves 
incident  in  a direction  f$2  at  the  angle  TT-f-Sj  . 

In  particular,  taking  82  = it+Bi  , it  follows  that 
the  three-dimensional  "transmission  coefficient"  is, 
as  in  the  two-dimensional  case,  unchanged  if  the 
direction  of  the  incident  wave  is  reversed.  We 
emphasize  that  these  conclusions  are  valid  for 
arbitrary  three-dimensional  bodies. 


is  a relation  for  the  exciting  force  Xj  in  terms 
of  the  Kochin  function  for  the  forced-motion  prob- 
lem in  the  j-th  mode.  This  equation! s generally 
referred  to  as  "Haskind's  relation",  having  been 
given  for  the  first  time,  in  this  particular  con- 
text, by  Haskind  (1).  Various  extensions  and  con- 
sequences have  been  observed  by  Newman  (14).  As 
with  the  symmetry  of  the  radiation  forces  in  §4, 
the  Haskind  relations  can  be  applied  to  higher- 
order  forces  and  moments,  and  applications  to 
structural  loading  in  waves  have  been  noted  by 
Ogilvie  (15). 


When  only  one  incident  wave  is  considered,  with 
(A, ,Bi)  = (A2,82)  in  (33b),  it  follows  that 


Im(Hd(B)) 


u) 

4irgA 


Hd(9)|2  d0  . 


(43) 


This  equation  has  been  used  by  Maruo  (11)  and  New- 
man (12)  to  calculate  the  drift  force  and  moment  on 
flowing  bodies.  A similar  result  to  (43)  is  well 
known  in  other  fields  of  wave  propagation,  where 
the  integral  is  proportional  to  the  scattering 
cross  section.  One  implication  of  (43)  must  be 
borne  in  mind  in  studying  wave  interaction  with 
"weak  scatters"  or  bodies  where  the  Kochin  function 
is  small,  such  as  deeply  submerged  bodies  or  bodies 
whose  dimensions  are  small  compared  to  the  wave- 
length; the  Kochin  function  for  the  diffraction 
potential  is  to  leading  order  real,  in  the  direc- 
tion 0=8  , since  from  (43)  the  imaginary  part  is  a 
second-order  quantity.  The  resulting  restrictions 
are  noted  by  Lee  and  Newman  (13). 


8.  RELATIONS  BETWEEN  THE  SCATTERED  AND  RADIATED 
WAVES 

While  Haskind  relations  (45)  give  a useful  relation 
for  the  wave  exciting  forces,  they  provide  no  in- 
formation regarding  the  corresponding  form  of  the 
diffracted  waves.  On  the  other  hand  we  have  at 
this  stage  only  considered  the  implications  of 
Green's  theorem  in  the  form  (19)  for  the  combina- 
tion of  a radiation  and  scattering  potential.  The 
remaining  possibility,  where  (25)  is  applied  to  the 
same  combination  was  surprisingly  not  exploited 
until  very  recently  and,  even  then,  was  only  ap- 
reciated  after  the  two-dimensional  relations  for 
reflection  and  transmission  coefficients  in  terms 
of  radiated  wave  characteristics  had  been  discovered 
by  an  indirect  argument. 

We  proceed  to  consider  (25)  in  the  case  where 
<!>i  = is  a scattering  potential  and  <f> j*  is  the 
conjugate  of  a radiation  potential.  Complementary 
relations  to  the  Haskind  relations  are  then  ob- 
tained in  the  form 


7.  THE  HASKIND  RELATIONS 

The  applications  of  Green's  theorem  in  §§4-6  seem 
"natural"  in  the  sense  that  certain  inter-relation- 
ships are  shown  to  exist  in  a single  physical  prob- 
lem or  pair  of  closely  related  problems.  But  here 
and  in  the  next  section  we  consider  relations  be- 
tween scattering  and  radiation  problems  which  are 
not  physically  related  to  each  other  in  any  obvious 
manner.  However,  mathematically,  Green's  theorem 
in  the  forms  (19)  and  (25)  can  be  readily  applied 
to  a pair  of  potentials  where  one  is  a scattering 
potential  and  the  other  a radiation  potential,  for 
the  same  body,  and  the  results  of  this  procedure 
are  very  useful  in  practice. 

Here  we  consider  the  results  to  be  obtained  from 
(19),  with  <{> i = <t>s  the  scattering  potential,  and 
<t>j  a radiation  potential  for  forced  motions  of 
unit  velocity,  as  defined  in  §4.  In  this  instance 
Aj=0  and,  on  the  body  surface,  3<t>j/3n  = 0,  hence 
it  follows  from  (13)  and  (19)  that 


• Jr 


3i(>, 


' s 3n 


= _ M 


A H *(6) 


a)k  **  "j 


iD[Hd(0)  H *(0)  + Hd(lT)  H *(7r)  ] 

(46a) 

2TT 

m Hd(0)Hj*(0)d0  . 

(46b) 


At  first  glance  these  new  results  seem  less  useful 
than  (44),  since  the  right-hand-side  depends  on  the 
solution  of  the  diffraction  problem.  But  if  the 
normal  velocity  in  the  forced-motion  problem  is 
restricted  to  be  real,  as  in  the  case  of  rigid-body 
trnaslatlon8  and  rotations,  it  follows  that 


(47) 
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After  using  (44)  to  replace  the  left  side  of  (46) 
we  obtain  the  relations 

HjOl+B)  - Hj*(B) 


^ [H(J(0)  H^*(0)  + Hd(ir)  Hj*(n) ] 
,2-n 

-2^a|o  Hd(e)Hj*(6)de  . 


(48a) 

(48b) 


Writing  (48a)  in  terms  of  the  reflection  and 
transmission  coefficients,  using  (36)  and  (37), 
gives  a pair  of  linear  equations  for  P and  T in 
the  form 

H^HjMlt  + tfj)  + THj*(Bi)  = HjItt+Bj)  , (i-1,2)  . 

(49) 

Here  (38)  has  been  used  to  eliminate  the  subscripts 
for  the  transmission  coefficients  and,  as  before, 
8j=0,  B2=7r  . Since  the  Kochin  function  Hj  in 
this  equation  can  be  taken  to  correspond  to  any 
forced  mode  of  the  body,  subject  only  to  the  re- 
striction (47),  there  is  an  infinity  of  simultan- 
eous equations  (49)  for  the  three  unknowns  R1)2 
and  T . On  the  assumption  that  unique  values  of 
these  unknowns  exist,  it  follows  by  considering  (49) 
that  there  are  only  two  independent  values  of  the 
ratios  Hj*(Tl)/Hj  (tt)  and  Hj*(0) /H,  (ir)  , which 
uniquely  determine  R,  and  T , ana  two  indepen- 
dent values  of  the  ratios  Hj*(0)/Hj*(0)  and 
Hj*(if)/Hj  (0)  , which  uniquely  determine  R2  and  T. 
Thus  we  arrive  indirectly  at  the  unexpected  conclu- 
sion that  the  phases  of  outgoing  waves  in  the  radia- 
tion problems  are  not  completely  independent. 

This  situation  is  illustrated  most  easily  in  the 
special  case  of  a two-dimensional  body  which  is 
symmetrical  about  the  vertical  axis  x=0  . Hence 
from  symmetry  Rj=R2=R  and  there  must  then  exist 
a symmetric  forced  motion,  e.g.  vertical  oscilla- 
tions or  heave,  such  that  Hj(o)=Hj(ir)  is  an  even 
function,  and  anti-symmetric  motions  such  as  hori- 
zontal sway  oscillations  (or  roll)  such  that 
Hj  (0)  = — H^  (ft)  is  odd.  If  we  denote  the  arguments 
of  these  two  Kochin  functions  as  ae  and  a0  re- 
spectively, it  follows  immediately  from  (49)  that 


R + T = e2iCXe  , 

(50) 

R - T = e2ia°  . 

(51) 

Thus  R and  T are  given  by  the  relations 

- •|,(eJl0te  + e 2 lfll 0 ) . (52) 

Alternately,  as  in  (£),  ae  and  a0  can  be  re- 
placed by  the  phase  angle  of  the  radiated  wave 
potentials  (24a),  in  which  case  the  sign  of  (52)  is 
reversed.  Since  R and  T are  unique  properties 
of  the  body  shape  and  wavelength,  the  same  must  be 
true  for  ae  am  aB  , hence  these  phase  angles 
are  independent  of  the  precise  mode  of  forced 
motion  and,  for  example,  roll  and  sway  must  cause 
radiated  waves  of  precisely  the  same  phase,  modulo 
180°.  From  the  Haskind  relation  (45)  the  same  must 
apply  to  the  corresponding  exciting  forces  and 
moments,  e.g.  the  roll  moment  and  sway  force  must 
be  in  phase,  with  a possible  ambiguity  of  180  de- 
grees. For  two-dimensional  symmetric  bodies  these 


properties  are  discussed  in  more  detai  . by  Newman 
(5) . Extensions  to  the  case  of  unequal  depths  at 
x=+oo  are  given  by  Yeung  (16). 


9.  AXI-SYMMETRIC  BODIES 

The  three-dimensional  formulae  of  the  preceding 
sections  can  be  simplified  for  bodies  of  rotation 
about  the  vertical  z-axis.  In  terms  of  polar  co- 
ordinates (r,0,z)  the  0-dependence  of  the  poten- 
tials can  be  expressed  in  terms  of  Fourier  series 
in  sin  n0  and  cos  n0  . The  scattering  potential 
<}>g  will  generally  contain  Fourier  components  for 
all  values  of  n , but  the  conventional  radiation 
potentials  will  involve  only  a single  value  of  n . 
For  example,  the  rigid-body  mode  of  heave,  being 
axi-symmetrical,  will  only  involve  the  term  with 
n-0  , whereas  from  the  boundary  condition  (5)  sway, 
surge,  roll  and  pitch  will  involve  only  n=l  . 

Without  loss  of  generality  the  incident  waves  are 
assumed  to  propagate  in  the  positive  x-direction, 
and  we  consider  only  surge,  heave,  and  pitch  mo- 
tions of  the  body  for  which  j=l,3,5  respectively. 
The  Kochin  function  H3  for  heave  will  be  indepen- 
dent of  0 , whereas  the  Kochin  functions  Hj  and 
Hs  for  surge  and  pitch  will  be  proportional  to 
cos  0 . Thus  the  damping  coefficients  (31b)  can  be 
simplified  to  give 


'Bn' 

' (0)  | 2 ' 

B33 

ojpD 

2k 

2 |H3 (0) | 2 

B55 

. f H s (0) | 2 . 

Using  the  Haskind  relation  (45),  the  exciting 
forces  and  moment  are 

xj  - - ffs  * - (-D^’^HjCO)  , 

B (j=l,3,5)  . (54) 


Equation  (48b)  gives  the  additional  relations 


H3(0) 

H3*(0) 


iu) 

2ngA 


Hd(0)  d0  , 


(55) 


hi.5(°) 

Hi’5*(0) 


1 + 


lU) 

2irgA 


H (0)  cos0  d0  . 
d 


(56) 


More  generally,  for  any  Kochin  function  H^n^  pro- 
portional to  cos  n0  , 

e2l“n  = »(n) 
v ' H(P)* 

2TT 

* (“1)Il{1  " 2^A  j Hd(e)cosn6de|.(57) 


Since  the  diffraction  Kochin  function  H^O)  is 
uniquely  specified  for  a given  body  shape  and  wave- 
length, the  same  must  be  true  of  . By  analogy 
to  the  corresponding  two-dimensional  situation  dis- 
cussed following  (52),  the  phase  of  the  Kochin 
function  and  corresponding  radiated  waves  is  there- 
fore unique,  for  each  n . In  particular,  the 
Kochin  functions  for  surge  and  pitch  must  be  of  the 
same  phase  (with  a possible  ambiguity  of  180  de- 
grees). From  the  Haskind  relations  (54)  it  then 
follows  that  the  surge  exciting  force  and  pitch 
exciting  moment  must  be  of  the  same  phase  ( modulo 
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180  degrees).  This  conclusion  was  obtained  by 
Garret  (17),  for  the  special  case  of  a floating 
circular  cylinder  or  "dock". 


10.  EXTRACTION  OF  WAVE  ENERGY 

An  engineering  problem  of  increasing  importance  is 
the  extraction  of  wave  energy  by  a floating  body 
and  the  lltimate  transfer  of  this  energy  into  use- 
ful power.  The  relations  derived  in  the  preceding 
sections  can  be  used  to  study  this  problem  and  to 
draw  conclusions  regarding  the  optimum  body  geo- 
metry and  motions. 

Without  loss  of  generality  it  may  be  assumed  that 
the  incident  waves  are  moving  in  the  positive  x- 
direction,  hence  8=0  . From  the  linearized  Ber- 
noulli equation,  the  time-averaged  work  done  by  the 
pressure  forces  acting  on  the  body  is  given  by 


extraction  is  possible  only  if  the  first  term  in 
(61)  is  positive,  and  sufficiently  large  to  offset 
the  remaining  terms.  Optimum  energy  extraction 
will  then  occur  when  the  phase  of  each  mode  is 
chosen  such  that  VjHj*(m)  is  negative  imaginary, 
and  when  the  amplitudes  of  the  individual  modes  are 
such  as  to  maximize  the  resulting  quadratic  equa- 
tion for  |vj | . 

First  let  us  consider  the  case  of  two-dimensional 
motion  with  only  one  degree  of  freedom.  Without 
specifying  the  precise  mode  of  motion,  we  designate 
the  corresponding  velocity  by  Vj  and  the  associ- 
ated Kochin  function  by  Hj  . From  (61)  the  rate 
of  energy  extraction  is  given  by 

5F  = ' ^fk2  Imf  Y(*)} 


dE/dt 


ff  34 

JJ, p s 


M HQ 
7T“  dS 
dn 


£ iwp  (<t>  0*  |^)  dS  = j iiop  I (4>,<(>*) 


(58) 


Using  (25)  it  follows  that 
dE/dt  = - im[H(0)  ] 


-^lv/{iV0)l2  + 'V^}- 


(62) 


The  optimum  phase  of  v.  is  readily  determined  by 
requiring  that  Vj  Hj*(ii)  be  pure  imaginary  and 
negative,  and  the  modulus  [ v . | is  determined  by 
finding  the  stationary  point  in  the  remaining 
equation.  Thus 


lopD 

4k2 

( ! H (0)  | 2 + | H (tt)  | 2 ] 

(59a) 

and , in 

CupD 

Suk 

.2TT 

| H (0)  | 2 d0  . 

1 0 

(59b) 

-iH  *(TT) 

y — Lj |v  I 

i | Hj  (TT)  | |Vj' 


gAk  1 H j (m)  | 

<4|Hj(0)|J+  H j (tt  ) | 2 ) 


(63) 


(64) 


In  general,  the  Kochin  function  H(9)  may  be  Substituting  (63)  and  (64)  in  (62),  the  optimum 

panded  in  the  form  rate  of  energy  extraction  is  given  by 


H(e) 


Hd(0)  + Hr(0) 


Hh(0)  + 1 Vj  H (0)  , (60) 


j 


where  Vj  is  the  body  velocity  in  the  j'th  mode  of 
motion,  which  may  be  either  a rigid-body  motion  or 
a generalized  mode  of  motion.  In  order  to  utilize 
the  results  of  §8  we  shall  assume  that  each  Vj  is 
of  fixed  phase  on  the  body  surface.  (This  restric- 
tion can  always  be  accomodated  by  decomposition  of 
a mode  with  non-constant  phase.) 


dE  = P82  A2  D 

dt  4w[l  + |Hj  (0)/H  (tt)  | 2] 


(65) 


Using  (18)  to  replace  D by  the  group  velocity  v^  , 

M . ?p«a2  vg , . 

dt  (1+  |Hj  (0)/Hj  (tt)  | 2 ] 


Substituting  (60)  in  (59),  and  using  (43)  as  well 
as  (48) , it  follows  that 


dE 

dt 


PRAD 

2k 


Im  l v H.*(m) 

j 3 3 


(jpD 

4? 

iCopD 
87rk 


fllvj  Hj 


z-n 

J II  Hj 

Jo  j 3 J 


(0)  | 1 + |2  Vj  Hj  (tt)  | 2 ] 


(0)  1 2 de 


(61a) 


(61b) 


In  this  form  the  rate  of  energy  extraction  no 
longer  depends  on  the  solution  of  the  diffraction 
problem,  and  the  optimization  problem  is  therefore 
simplified  in  an  analogous  manner  to  the  use  of  the 
Haskind  relations.  It  may  be  noted  that  the  terms 
on  the  second  and  third  lines  of  (61)  are  negative 
definite,  and  these  represent  energy  radiation  in 
the  conventional  damping  process.  Hence  energy 


The  numerator  of  this  equation  is  the  rate  of  en- 
ergy flux  in  the  incident  wave  system,  hence  the 
inverse  of  the  denominator  is  the  efficiency  of  the 
extraction  process.  Perfect  efficiency  can  be 
achieved  if  the  body  and  mode  of  motion  are  such 
that  Hj (0)  = 0 , but  for  a symmetrical  body  and 
motion  | Hj  (0)  | = | Hj  (tt)  | so  that  the  maximum  ef- 
ficiency in  this  case  is  only  50%.  These  conclu- 
sions have  been  independently  obtained  by  Evans  (6) 
and  Mei  (18),  who  analyse  the  problem  in  terms  of 
the  damping  and  added-mass  coefficients  of  the  body, 
and  use  the  Haskind  relations  to  evaluate  the  ex- 
citing force.  Evans  (6)  has  also  evaluated  the 
efficiency  in  non-optimum  wavelengths,  for  specific 
body  geometries  and  a single  degree  of  freedom. 

The  desirability  of  reducing  the  ratio  Hj  (0) /Hj  (it)  , 
in  order  to  increase  the  efficiency,  is  consistent 
with  Salter's  (19)  "rocking  cam"  device  which  is 
designed  to  minimize  waves  generated  by  the  body 
motion  on  one  side  of  the  body,  and  has  achieved 
laboratory  efficiencies  of  about  80%.  The  possi- 
bility of  achieving  100%  efficiency  by  suitable 
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choice  of  the  body  geometry  is  of  obvious  interest. 
However  we  note  from  (49)  that  if  Hj  (0)  * 0 , and 
Hj(it)i<0,  then  T”0  which  is  generally  impossible 
for  bodies  of  finite  dimensions  relative  to  the 
wave  length.  (Some  exception!,  involving  resonant 
situations  at  certain  discrete  frequencies,  are 
noted  by  Evans  and  Morris,  (20),  Newman,  (21),  and 
Evans, (£2).  In  summary  we  conclude  that  for  con- 
ventional two-dimensional  bodies  with  only  one 
degree  of  freedom,  the  maximum  efficiency  is  less 
than  100%,  and  for  a symmetric  body  the  maximum  is 
50%. 

Next  we  consider  the  possible  improvement  of  the 
above  situation,  for  two-dimensional  bodies,  if 
coupled  motions  in  two  or  more  modes  occur  simul- 
taneously. Indeed  it  can  be  anticipated  that 
suitable  coupled  motions  of  a symmetric  body  in- 
cluding both  a symmetric  mode  such  as  heave,  and  an 
anti-symmetric  mode  such  as  surge  or  pitch,  will 
result  in  complete  energy  extraction  or  an  effi- 
ciency of  100%.  Thus  there  will  be  no  net  outgoing 
waves  on  either  side  of  the  body  if  the  radiated 
waves  due  to  the  body  motions  are  such  as  to  pre- 
cisely cancel  the  reflected  and  transmitted  waves 
due  to  the  scattering  problem,  and  in  view  of  the 
fact  that  the  symmetric  (anti-symmetric)  motion 
will  generate  even  (odd)  waves  respectively,  a 
suitable  linear  combination  can  always  be  found 
such  that  the  total  radiated  waves  are  equal  and 
opposite  to  the  diffracted  waves  on  both  sides  of 
the  body.  In  order  to  demonstrate  this  optimum 
situation  in  the  context  of  the  analysis  based  on 
(61a)  , we  consider  a two-dimensional  symmetric  body 
with  coupled  rigid-gody  motions  in  surge  (j=l), 
heave  (j*3),  and  pitch  (j-5),  with  respective 
body  velocities  v3  , v3  , v5  . Taking  advantage 
of  the  symmetry  conditions  for  the  corresponding 
Kochin  functions. 


H,(1T)  = -Hj(0) 

H3(tt)  - H3(0) 

H5  (it)  = -H5(0) 

and,  from  the  discussion  following  (49),  arg(Hj) 
■ arg(Hj)  . Proceeding  as  in  the  case  of  one 
degree  of  freedom,  the  optimum  body  motions  are 
given  by 


v3  = -igkA/2a)H3*(0)  , (67) 

VjHj  (0)  + v5H5(0)  - igk  AH1(0)/2uiH1*(0)  , (68) 

and  the  corresponding  energy-flux  rate  is 

■ |pg2AD/oj  ■=  -|pgA2  vg  . (69) 

Thus  the  efficiency  in  this  case  is  100%,  or  all  of 
the  incident  wave  energy  is  extracted  as  antici- 
pated. We  note  from  (68)  that  the  optimum  surge 
and  pitch  motions  are  not  unique,  since  both 
radiate  waves  of  the  same  phase  and  thus  either  one 
by  itself,  or  a suitable  combination  of  both,  will 
radiate  the  desired  anti-symmetric  waves. 

A particularly  simple  case  of  two  coupled  motions 


VI I 

with  100%  efficiency  is  that  of  a submerged  circu- 
lar cylinder,  rotating  in  a circular  orbit  or, 
equivalently,  with  combined  heave  and  sway  motions 
of  equal  amplitude  and  one-quarter-period  phase 
difference.  As  noted  by  Evans  (6),  complete  energy 
absorbtion  will  result  if  the  amplitude  and  phase 
of  this  orbital  motion  is  suitably  chosen,  relative 
to  the  incident  wave.  The  necessary  computations 
of  amplitude  and  phase  can  be  made  readily  from 
Ogilvie's  (23)  computation  of  the  exciting  forces 
for  this  body,  in  conjunction  with  the  Haskind 
relations  (45),  from  which  the  Kochin  functions  H3 
and  H3  in  (67-68)  can  be  derived. 

Finally  we  turn  to  the  three-dimensional  situation 
and  the  corresponding  results  which  follow  from 
(59b),  restricting  our  attention  for  simplicity  to 
an  axi-symmetric  body  with  surge,  heave  and  roll. 

In  this  case 


H, (6)  - H,  (0)  cos  6 
H,(0)  " H,(0) 

Hs(6)  = Hs(0)  cos6 

and,  from  (56), 

H5/H5*  - Hj/Hj*  . 

By  a similar  procedure  as  before  it  then  follows 
that  the  optimum  body  motions  are  defined  by  the 
conditions 


VjHj*(0)  + v5H5*(0)  - 2 i g A/to  (70) 


v 3 — — i g A/ui  H3*  (0) 


and  the  corresponding  energy  radiation  is 


dE/dt 


1 P6  A2  Vg 

2 k 


(71) 


(72) 


As  in  the  case  of  two-dimensional  symmetric  bodies, 
surge  and  pitch  can  occur  in  arbitrary  linear  com- 
binations, and  either  mode  by  itself  will  suffice 
with  the  other  equal  to  zero  in  (70). 

Comparison  of  (69)  and  (72)  reveals  that  the  axi- 
symmetric  body  is  extracting  100%  of  the  incident 
wave  energy  over  a "cross-section"  of  width 
3/k  b j X . Thus  if  the  body  can  be  made  to  per- 
form in  the  optimum  manner  outlined  above,  with  a 
diameter  of  less  than  half  a wavelength,  it  will  be 
a more  economical  wave  absorbing  device  than  the 
two-dimensional  cylinder. 

The  optimum  rate  of  energy  extraction  (72)  is  inde- 
pendent of  the  body  dimensions  and,  in  principle, 
the  body  can  be  arbitrarily  small  subject  only  to 
the  condition  that  its  velocity  be  given  by  (70-71). 
This  will  generally  imply  that  as  the  body  dimen- 
sions become  small,  relative  to  the  wavelength,  the 
amplitude  of  motions  must  increase  so  that  the 
radiated  waves  are  of  constant  amplitude.  The 
practical  limitations  of  this  are  emphasized  by 
Evans  (6).  Nevertheless,  three-dimensional  bodies 
may  be  more  efficient  as  wave  energy  absorbers  than 
two-dimensional  cylinders,  especially  when  oblique 
and  short-crested  waves  are  considered. 
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11.  CONCLUSIONS 

In  the  preceding  sections  Green's  theorem  has  been 
applied  systematically  to  a variety  of  radiation 
and  diffraction  problems  and  combinations  thereof. 
We  have  been  somewhat  mundane  in  this  pursuit,  so 
as  not  to  overlook  additional  new  relations  that 
might  be  obtained,  even  though  the  price  that  has 
been  paid  is  the  rederivation  of  several  well- 
known  results.  It  cannot  be  said  with  certainty 
that  additional  and  as  yet  undiscovered  relations 
do  not  exist,  but  the  approach  we  have  taken  has 
been  deliberately  chosen  to  minimize  this  possi- 
bility. 

Some  of  the  relations  obtained  are  in  fact  new  or 
very  recent.  In  particular  the  relations  in  Sec- 
tion 8 for  the  reflection  and  transmission  coef- 
ficients, in  terms  of  the  radiated-wave  phase 
angles,  were  developed  for  the  two-dimensional  prob- 
lem only  within  the  past  year,  and  the  corres- 
ponding three-dimensional  results  are  original  with 
this  paper.  The  application  of  these  relations  to 
the  analysis  of  wave-energy  extraction,  in  §10,  is 
seen  to  be  particularly  fruitful,  since  the  latter 
problem  is  thereby  rendered  independent  of  the 
properties  of  the  diffraction  problem,  in  an  anal- 
ogous manner  that  the  Haskind  relations  achieve  for 
the  exciting  forces. 

In  §10  we  have  briefly  considered  the  extraction  of 
wave  energy  by  two-dimensional  and  three-dimen- 
sional axi-symmetric  bodies.  More  detailed  anal- 
yses are  given  in  the  papers  of  Evans  (6)  and  Mei 

(18).  Much  work  remains  to  be  done  in  this  poten- 
tially important  field,  notably  on  the  development 
of  suitable  electro-mechanical  devices  which  ensure 
that  the  body  will  move  with  the  desired  motions 
and  which  are  capable  simultaneously  of  extracting 
the  wave  energy  and  converting  this  or  storing  it 
in  a suitable  fashion.  These  aspects  have  been 
considered  by  Milgram  (24)  in  the  development  of 
an  active  beach  for  absorbing  wave  energy.  Experi- 
mental studies,  such  as  those  which  have  been 
undertaken  by  Salter  (19),  are  an  obvious  parallel 
here,  but  it  is  also  clear  that  the  theory  has 
much  to  offer  in  the  development  of  optimum 
configurations.  One  important  theoretical  problem 
which  has  not  been  treated  here,  and  which  is  left 
for  future  work,  is  that  of  non-axi-symmetric 
three-dimensional  bodies.  In  particular  the  case 
of  a long  slender  configuration  of  hinged  rafts 
has  been  advocated  in  a recent  article  by  Wooley 
and  Platts  (25).  This  type  of  device  has  obvious 
practical  advantages,  as  noted  by  these  authors, 
and  it  may  be  analysed  by  similar  methods  to  those 
which  have  been  utilized  in  §10,  possibly  incorpor- 
ating into  the  analysis  the  Kochin  functions  appro- 
priate to  snake-like  motions  of  a slender  ship  in 
head  waves.  The  latter  problem  has  been  studied 
by  Ursell  (26)  in  a more  conventional  context. 
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A THEORY  FOR  WAVE  POWER  ABSORPTION  BY 
OSCILLATING  BODIES 


V.15 


D V.  EVANS 
University  of  Bristol,  UK 


SYNOPSIS  A theory  is  given  for  predicting  the  absorption  of  the  power  in  an  incident  sinusoidal  wave- 
train  by  means  of  a damped  oscillating  partly  or  completely  submerged  body.  General  expressions  for  the 
efficiency  of  wave  absorption  when  the  body  oscillates  in  one  or,  in  some  cases,  two  modes,  are  given. 

It  is  shown  that  100%  efficiency  is  possible  in  some  cases.  Curves  describing  the  variation  of  efficiency 
and  amplitude  of  the  body  with  wavenumber  for  various  bodies,  are  presented. 


§1  INTRODUCTION 

In  a paper  in  Nature  in  1974,  Salter  (1)  described 
experiments  in  which  he  had  extracted  more  than  80% 
of  the  wave  power  from  a two-dimensional  sinusoidal 
wave-train  using  a specially  contoured  two- 
dimensional  rocking  cylinder.  The  essential  features 
of  the  Salter  cylinder  were  that  it  had  a circular 
rear  section  which  did  not  transmit  waves  down- 
stream during  the  motion  whilst  the  front  section 
was  contoured  so  as  to  reflect  as  little  energy  as 
possible.  The  efficiency  of  the  device  is  defined 
as  the  proportional  of  available  power  per  unit 
crest  length  of  the  incident  wave,  which  the 
cylinder  absorbs.  This  clearly  depends  on  the 
coupling  between  the  cylinder  and  the  fluid,  and 
will  vary  with  wave  frequency. 

A complete  theory  is  given  here  for  such  devices, 
based  on  the  usual  assumptions  of  linear  water-wave 
theory,  and  assuming  that  the  body  is  suspended 
relative  to  some  stable  reference  platform  by  a 
system  of  linear  springs  and  dampers  which  provide 
restoring  forces  in  addition  to  any  natural  buoyancy 
forces. 

In  §3  it  is  shown  how,  for  a cylinder  constrained  to 
oscillate  in  a single  mode,  a general  expression  for 
the  maximum  efficiency  possible  may  be  obtained  with- 
out examining  the  equations  of  motion  of  the 
cylinder.  In  particular  for  cylinders  which  are 
symmetrical  about  the  axis  of  oscillation  the 
maximum  efficiency  turns  out  to  be  50%.  Equation 
(4.8)  of  §4  shows  that  knowledge  of  the  solution  to 
the  radiation  problem,  in  which  the  body  makes 
forced  oscillations  in  a given  mode,  is  sufficient 
to  determine  a general  expression  for  the  efficiency 
as  a function  of  wavenumber.  In  5 §5-6  the  par- 
ticular cases  of  a rolling  plate  and  a heaving  or 
swaying  half-immersed  circular  cylinder  are  consider- 
ed using  known  values  for  the  appropriate  added  mass 
and  damping  coefficients  which  are  required  for 
computing  the  efficiency.  §7  describes  the 
corresponding  theory  for  three-dimensional  bodies 
having  a vertical  axis  of  symmetry.  The  remark- 
able result  that  the  maximum  power  than  can  be 
absorbed  by  a heaving  body  of  this  type  is  just 
L/2u  times  the  power  per  unit  crest  length  in  an 
incident  wave  of  wavelength  L is  proved.  A 
comparison  between  the  relative  efficiencies  of  a 
heaving  sphere  and  a heaving  half-immersed  circular 
cylinder  is  made.  In  §8  the  theory  is  reworked  for 


two  modes  of  oscillation  and  it  is  shown  how  100% 
efficiency  is  possible  in  some  cases.  This  is 
illustrated  by  curves  for  the  half-immersed  and 
totally  immersed  circular  cylinder  oscillating  in  a 
combination  of  heave  and  sway  motions.  In  the 
latter  case,  wide  bandwidths  occurred  at  certain 
values  of  the  wavenumber  to  which  the  cylinder 
was  tuned. 


Notation 


A 

At(i  = 1,2,3) 


A^Ci  = 1,2,3) 
a - 


b. . 


li 


g 

h 

K 

k 


L 

1 

M 


amplitude  of  incident  wave 
complex  wave  amplitude  at  x = +°° 
in  radiation  problem 
complex  wave  amplitude  at  x = -“ 
in  radiation  problem 
typical  dimension  of  body 
added  mass  coefficient  in  sway 
(i  = 1)  , heave  (i  = 2)  and  roll 
(i  = 3). 

half-width  of  cylinder  at 
waterline 

damping  coefficient  in  sway 
(i  = 1) , heave  (i  = 2)  and  roll 
(i  = 3) 

depth  of  point  of  rotation 
damper  constant 

horizontal  (i  = 1)  and  vertical 
(i  = 2)  damper  constants 
efficiency  of  power  absorption 
total  hydrodynamic  force  on 
cylinder  in  it*1  direction 
force  on  cylinder  in  i*1*1  direction 
due  to  oscillation  of  cylinder  in 
that  direction 

force  in  the  ith  direction  due  to 
oscillation  of  cylinder  in  the 
jth  direction 

force  on  cylinder  in  i^  direction 
assuming  cylinder  held  fixed  in 
incident  wave 

acceleration  due  to  gravity 
thickness  of  vertical  plate 
w2/g 

spring  constant 

horizontal  (i  = 1)  and  vertical 
(i  « 2)  spring  constants 
wavelength  of  incident  wave 
power  absorption  length 

1 pa2  (or  — pa1*  for  roll  motions) 

2 i# 

for  two  dimensional  cylinders,  or 
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M 


m 


n 3 
R 


R1 

s 

T 


t 

x,y 


L 7ra3  for  three  dimensional 
3 

symmetric  bodies.  (M  is  doubled 

for  submerged  bodies.) 

mass  (or  moment  of  inertia)  of 

cylinder/unit  length  or  mass  of 

three  dimensional  body 

m/M 

components  of  unit  normal  out- 
wards from  cylinder  into  fluid 
xn2  " (y  ♦ c)nj 

complex  reflection  coefficient 
for  the  scattering  problem 
complex  reflection  coefficient 
for  the  full  problem 
specific  gravity  of  vertical 
plate 

complex  transmission  coefficient 
for  the  scattering  problem 
complex  transmission  coefficient 
for  the  full  problem 
time 

Cartesian  co-ordinates 


Y 

6 


e 


A. 

l 


A. 

10 

Wi 


M 

V 


io 


Ka 


v 

o 


1 
V . 

1 


p 

<Kx,  y,  t) 


<fr(x,  y) 

4>.(i  - 1,  2,  3) 


U) 

u> 


o 


iKA.^/A 

I A j | 2 /( | At | 2 + | A”  | 2 ) 

2 (i  - 1,3) 

1 (i  = 2) 

displacement  of  cylinder  in  sway 
(i  = 1),  heave  (i  - 2)  and  roll 
(i  = 3) 

non-dimensional  damping 
coefficient  for  sway  (i  » 1) 

MV  . 

non-dimensional  added  mass 
coefficient  for  sway  (i  = 1), 
heave  (i  = 2)  and  roll  (i  « 3) 

MV 

2na/L  - dimensionless  wave- 
number 

dimensionless'  wavenumber  to 

which  body  is  tuned 

root  of  equation  (4.14) 

time-independent  displacement  in 

sway  (i  » 1),  heave  (i  = 2)  and 

roll  (i  = 3) 

density  of  the  fluid 

velocity  potential  for  the  full 

problem 

time-independent  velocity 
potential  for  the  scattering 
problem 

time-independent  velocity 
potential  for  the  full  problem 
- time-independent  velocity 
potential  for  the  radiation 
problem 
wave  frequency 

wave  frequency  to  which  body  is 
tuned 


§2  FORMULATION 


The  motion  is  two-dimensional  and  Cartesian  co- 
ordinates x,y  are  chosen  so  that  y = 0 is  the 
undisturbed  free  surface  with  y measured  vertical- 
ly upwards  and  x to  the  right.  The  usual 
assumption  of  the  linearised  theory  of  water  waves 
permit  the  introduction  of  a velocity  potential 
♦(x,y,t)  satisfying  Laplace's  equation  in  the  fluid 
and  the  linearised  free  surface  condition 

fjT  ♦ g £ - 0 on  y > 0.  (2.1) 


It  is  assumed  that  a small  amplitude  sinusoidal 
wave-train  of  frequency  m is  incident  from 
x * +“  upon  the  body,  which  is  a long  cylinder 
having  horizontal  generators  parallel  to  the  wave 
crests  of  the  incident  wave.  The  cylinder  is 
situated  on  or  beneath  the  free  surface  and  is 
constrained  to  make  small  amplitude  oscillations  in 
response  to  the  incident  wave.  The  oscillations 
may  be  of  heave,  sway,  or  roll,  but  not  a combinat- 
ion of  tiiese.  The  case  of  a cylinder  oscillating 
in  both  heave  and  sway  is  considered  in  58.  In  the ' 
absence  of  waves  it  is  assumed  that  the  cylinder  is 
held  in  equilibrium  by  a combination  of  buoyancy 
forces  due  to  a spring  and  damper  system  connected 
to  the  cylinder,  the  latter  being  capable  of 
extracting  energy  from  the  cylinder.  In  the  model 
chosen  by  Salter,  the  cylinder  was  constrained  to 
make  rolling  oscillations  about  a fixed  point  of 
itself.  The  power  absorption  was  measured  using  an 
electrical  dynamometer  consisting  of  two  coils  in  a 
magnetic  field.  Velocity  signals  from  one  coil  were 
amplified  and  sent  to  the  other  so  as  to  oppose 
movement.  Velocity  and  force  signals  were  then 
multiplied  to  indicate  power  absorbed  which  was  then 
compared  with  wave  height  measurements.  A possible 
mechanism  for  power  conversion  in  full  scale  models 
at  sea  has  also  been  described  by  Salter.  The 
rotations  of  the  cylinder  will  produce  unidirection- 
al pulses  of  water  through  a special  pump  described 
in  detail  in  (1).  In  the  theoretical  treatment 
described  here,  it  will  be  assumed  that  the 
mechanism  for  power  absorption  can  be  described  by 
a simple  linear  damper  having  a resistance  to  motion 
which  is  proportional  to  velocity.  It  is  unlikely 
that  an  actual  pump  behaves  in  so  simple  a fashion 
and  a more  realistic  model  would  have  to  allow  for 
non-linearities  in  the  pumping  mechanism. 


On  the  cylinder  we  impose  the  condition  that  the 
component  of  the  cylinder  velocity  normal  to  itself 
is  equal  to  the  normal  velocity  of  the  fluid  at  that 
point.  Let  C i (t)  describe  the  displacement  of 
the  cylinder  from  its  equilibrium  position.  Here 
i “ 1,2  relate  to  sway  and  heave  motions  and 
i * 3 relates  to  rolling  motions.  Then  Cj,c2 
describe  the  horizontal  and  vertical  displacements 
respectively  of  the  centre  of  mass  of  the  cylinder, 
while  C3  describes  the  angular  displacement  of 
the  cylinder  about  its  point  of  rotation.  The 
linearised  condition  on  the  equilibrium  position  of 
the  cylinder  is  then 


at  • 

3n  = ?ini 


(2.2) 


for  (x,y)  on  C the  surface  of  the  cylinder, 
where  11  = (ni,n2)  is  the  normal  vector  from  the 
body  into  the  fluid  at  the  point  (x,y)  and 
n3  = n2x  - (y  + c)n;,  where  c is  the  depth  of 
the  point  of  rotation. 


It  is  convenient  to  eliminate  the  harmonic  time- 
dependence  by  writing 

t(x,y,t)  -KeiHx.yJe1^).  (2.3) 

We  next  write  the  complex-valued  time-independent 
potential  ifr(x,y)  as 

i)(x,y)  - u 1gA<J>s  + ioj£i<pi  (2.4) 

where  C.  - XeU.eLut}  (2.5) 

and  A is  a complex  constant.  The  complex 
potential  $ is  the  solution  of  the  scattering 
problem  in  wfiich  the  cylinder  is  held  fixed  in  an 
incident  wave  of  unit  amplitude  potential.  The 
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complex  potential  is  the  solution  to  the 

radiation  problem  in  which  a normal  velocity 
.He{n.elut}  is  prescribed  on  the  cylinder  surface 
corresponding  to  small  oscillations  of  unit 
amplitude  in  the  three  modes. 


Condition  (2.2)  is  satisfied  if,  on  the  cylinder, 

9<|>  9 4> . 

i*r  = 0’  = ni  • <2-6> 

The  wave  elevation  is  given  by 

8 1 If  (x*0,t)  ” ^.ejiug  1$(x,0)e1“t 

so  that  the  incident  wave  has  amplitude  | A | if  we 
assume 

_ , iKx  „ -iKxN  Ky  . 

<p  ^ (e  + Re  )e  J as  x -►  +°°  (2.7) 


where  R is  the  complex  reflection  coefficient  for 
the  scattering  problem.  For  x we  assume 

* TeiKx+Ky  (2.8) 

where  T is  the  complex  transmission  coefficient 
for  the  scattering  problem.  Here  K = ll)2/g. 


If  we  now  use  (3.3),  (3.5)  and  (3.6),  we  can,  after 
some  algebra,  write  (3.4)  in  the  form 

E = 2ftey  - |y|2(l  - 6)"1  (3.7) 

where  v = iKAtt./A 

li 

and  6 = | | 2 /(|aT|2  + | A^  | 2 ) . (3.8) 

The  quantity  6,  a function  of  frequency,  depends 
solely  on  the  geometry  of  the  cylinder  and  cannot 
be  influenced  by  the  particular  coupling  between 
fluid  and  cylinder.  The  coupling  effect  occurs  in 
Y through  the  term  £./A  which  must  be  determined 
from  the  equation  of  motion  of  the  body.  If  we  now 
maximise  the  expression  (3.7)  as  a function  of  y, 
we  obtain 


E = Y 
max  max 


1 


6. 


(3.9) 


Equation  (3.9)  is  a general  result  for  the  maximum 
efficiency  that  can  be  achieved  by  a given  two- 
dimensional  cylinder  in  a single  mode  of  oscillation. 
It  also  follows  from  (3.3),  (3.5),  and  (3.6)  that 
when  (3.9)  is  satisfied. 


For 

x -*■  “ we  assume 

„ .+  -iKx+Ky 
♦i  % A.e  \ 

(2.9) 

and 

for  x •*  -« 

„ - iKx+Ky 

♦i  ^ A.e 

(2.10) 

§3  THE  MAXIMUM  EFFICIENCY  OF  POWER  ABSORPTION 


The  efficiency  of  the  system  will  be  defined  as  the 
proportional  of  available  power  per  unit  frontage  of 
the  incident  wave  which  is  extracted  by  the  body. 
This  will  clearly  depend  on  the  details  of  the 
coupling  between  the  cylinder  and  the  fluid.  Some 
information  about  the  maximum  efficiency  possible 
can  be  gained,  however,  without  knowing  the  details 
of  the  coupling. 


We  have,  from  (2.4),  (2.7),  (2.9)  and  (2.10), 


Ip  'V# 

£A  iKx 

(JL)  ' 

+ R e" 

■Kxv 

) as  x -►  +°° 

(3.1) 

and 

<J>  'V, 

gA  iKx 

T e , x + 

u>  ’ 

- —GO 

(3.2) 

where 

V 

R + iKA^ 
1 

5i/A  ] 

I 

1 

j 

f 

(3.3) 

V 

T ♦ iKAT 

l 

VA  J 

The  power  per  unit  length  in  a sinusoidal  two- 
dimensional  progressive  wave  is  the  mean  energy 
flux  per  unit  length  crossing  a vertical  plane 
normal  to  the  <iirectu>n  of  the  wave,  and  it  can  be 
shown  that  RiRi  (TjTj)  measures  the  proportion  of 
power  in  the  reflected  (transmitted)  wave.  It 
follows  that  E the  efficiency  of  the  system,  is 
just 

E - 1 ~ RiRi  - TjTj  (3.4) 

(Here  a bar  over  a quantity  denotes  the  complex 
conjugate).  If  the  cylinder  is  held  fixed  so  that 
£.  “ 0 then  from  (3.3)  and  (3.4) 

E-l-RR-tf-0  (3.5) 

showing  that  wave  energy  flux  is  conserved  in  this 
case.  Recently  Newman  (2)  has  demonstrated  a 
relationship  between  R,  T and  A.  which  may  be 
written  1 

aT  + a!r  + X7t  - 0 (i  = 1,2,3).  (3.6) 


| Rx  | - « » |T,|=  6*(1  - 6)*.  (3.10) 

A highly  efficient  cylinder  is  one  for  which  6 is 

as  small  as  possible.  That  is,  the  amplitude  of 
the  waves  produced  at  x = -“  by  the  forced 
oscillation  of  the  cylinder  in  the  absence  of  the 
incident  wave,  must  be  as  small  as  possible  com- 
pared to  the  amplitude  of  the  waves  produced  at 
x = +>».  This  is  equivalent  to  the  criterion  used 
by  Salter  in  designing  an  efficient  cylinder  for 
which  Tj  was  as  small  as  possible.  The 
equivalence  follows  from  (3.5)  and  (3.6)  which 
show  that  if  AT  is  small  then  so  is  T and  hence 

Tj  also.  Notice  from  (3.10)  that  as  6 + 0 the 

reflected  wave  amplitude  tends  to  zero  much  faster 
than  the  transmitted  wave  amplitude.  For  example 
if  Emax  = 0.9,  then  | R;  | = 0.1  and  |Tj|  =0.3 
with  At  = 9 AT  . For  a body  with  horizontal 
symmetry*  At  = (-1)^7,  (i  = 1,2,3)  so  that 
6 = J and  tfte  maximum  possible  efficiency  is  50%. 
In  this  case  it  follows  from  (3.10)  that 
| Rx | 2 = | Tj | 2 = j,  so  that  half  of  the  incident 
wave  power  is  shared  equally  between  the  reflected 
and  transmitted  waves,  the  other  half  being 
absorbed  by  the  body.  This  result  is  consistent 
with  the  tests  made  by  Salter  (1)  on  a vertical 
vane.  He  obtained  an  efficiency  of  40%  with  25% 
of  the  incident  power  being  transmitted  onwards 
and  20%  being  reflected  back. 

§4  THE  EQUATIONS  OF  MOTION  OF  THE  CYLINDER 

In  formulating  the  equation  of  motion  of  the 
cylinder  we  shall  assume  that  the  cylinder  motion 
is  resisted  by  mechanical  forces  which  can  be 
modelled  by  a simple  spring  and  damper  system. 

Thus,  C^(t)  satisfies 

mi^  = -d^  - k^  + Fi  (4.1) 

where  d and  k are  the  damper  and  spring  con- 
stants. For  heave  and  roll  motions  k,  may  also 
include  a buoyancy  force.  The  term  d4;  allows  a 
uet  amount  of  work  to  be  done  on  the  cylinder  over 
a period,  provided  d i 0.  The  term  Fj  is  the 
hydrodynamic  "force"  on  the  cylinder.  For 
i = 1,2  the  force  is  horizontal  and  vertical 
respectively;  for  i = 3 Fj  is  the  moment  about 
the  point  of  rotation. 
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The  hydrodynamic  forces  which  do  work  can  convenient- 
ly be  separated  into  two  parts.  Thus  we  write 


F. 

i 


F. 

is 


+ F.. 
11 


(A. 2) 


where  F^s  is  the  force  acting  in  the  iC  direction 
on  the  cylinder,  assumed  to  be  held  fixed  in  the 
presence  of  the  incident  wave  and  F££  is  the  force 
in  the  ittY  direction  due  to  the  oscillation  of  the 
body  in  that  direction,  in  the  absence  of  the 
incident  wave.  This  latter  force  can  be  expressed 
in  the  form 


F. . 


li 


a.  . - b. 
iisi  li  l 


(A.  3) 


The  first  term  on  the  right  hand  side  of  (A. 3)  is 
that  part  of  the  force  which  is  exactly  out  of  phase 
with  the  acceleration  of  the  cylinder  so  that  a^£ 
may  be  interpreted  as  an  added  mass  term  describing 
the  increase  in  inertia  of  the  cylinder  due  to  the 
fluid.  The  second  term  on  the  right  hand  side  of 
(4.3)  is  that  part  of  the  force  which  is  exactly  out 
of  phase  with  the  velocity  of  the  cylinder.  This 
term  arises  because  work  is  done  in  generating 
surface  waves  which  radiate  away  from  the  cylinder. 
For  motions  in  an  infinite  fluid  b££  = 0. 


Now  Haskind  (3)  has  shown  that  the  exciting  force 
Fj_s  on  the  fixed  cylinder  is  directly  related  to 
the  waves  generated  by  the  forced  oscillation  of 
the  cylinder  in  the  i*-*1  mode.  Thus  Newman  (4), 
equation  (37),  updating  the  work  of  Haskind,  has 
shown  that 


Fic  * pgAeluV  . (4.4) 

Furthermore,  (Newman  (4)  eqn.  38)  the  damping 
coefficients  are  given  in  terms  of  the  energy 
radiated  to  infinity,  by  the  expression 

bu  - 1p“(|a[|2  + | A?  1 2 ) - Jpu|aT|2(1  - 6)"1.  (4.5) 

It  follows  from  (2.5)  and  (4.1)  to  (4.4),  that 

(k  - (m  + a^)m2  + i(b^  + d)io]^£  = pgAA*  (4.6) 

and  this  equation  determines  the  response  of  the 
cylinder  to  the  incident  wave. 


Now  the  power  per  unit  length  absorbed  by  the 
cylinder  is  the  mean  rate  at  which  work  is  being 
done  on  the  cylinder  by  the  fluid,  per  unit  length. 
This  is 


2ti 

h pVt 


dt  - Jw2d| |2 


(4.7) 


the  only  contribution  coming  from  the  term  d£.  in 
(4.1).  The  power  per  unit  frontage  of  the  incident 
wave  is  obtained  by  computing  the  mean  energy  flux 
per  unit  length  across  a vertical  plane  normal  to 
the  wave  direction.  This  is  just  lpg2|A|2/w  so 
that  E,  the  proportion  of  power  absorbed,  is 


E 


I 


2u^dp | A? | 2 

fk-  (m  ♦ a^.)w2}2  * w2  (b . ^ + d)2 


from  (4.6) 


4w2dbi.(l  - 5) 

{k  - (m  + a^)(ii2}2  ♦ w2(b^.  + d)2 


(4.8)  from  (4.5) 


The  same  result  can  be  obtained,  after  some  algebra, 
by  substituting  for  £./A  from  (4.6)  into  the 
alternative  expression1 (3. 7)  for  E,  and  using  (4.5). 


We  see  immediately  from  (4.8)  that  for  a given 
cylinder  the  maximum  efficiency  occurs  when 
k * (m  + a£^)(02  and  d ■ b££  giving  =1-6 

in  agreement  with  (3.9).  Equation  (4.8)  can  be 
used  to  compute  the  efficiency  for  different 
frequencies  of  the  incident  wave  once  the  frequency 
dependent  terms  a^£,  b££  and  6 are  known  for 
the  particular  cylinder  being  considered.  Notice 
that  for  d = 0,  a freely  oscillating  cylinder, 
and  d = “,  a fixed  cylinder,  then  E = 0 as 
expected.  If  we  assume  that  the  parameters  k and 
d can  be  varied,  then  for  maximum  efficiency  at  a 
frequency  oj0,  say,  we  choose  k = (m  + a£i(“0))“0> 
and  d = b££(to0).  Computed  values  of  the  added 
mass  and  damping  terms  a^£  and  b££  are  typically 
non-dimensionalised  by  writing 


a.  . = Mp.  b. . « MioX.  (4.9) 

n 1 n l 

where  M is  the  mass  (per  unit  length)  of  fluid 
displaced  by  a half-immersed  circular  cylinder 
having  radius  a equal  to  a typical  length  of  the 
body.  If  the  body  is  completely  submerged,  then  M 
is  taken  to  be  the  mass  (per  unit  length)  of  fluid 
displaced  by  a completely  submerged  circular 
cylinder.  Thus  M = Jitpa2  or  irpa2.  For  roll 
motions  the  corresponding  moments  of  inertia  are 
taken  for  M.  We  introduce  the  dimensionless  wave- 
number  v “ oa2a/g  = 2na/L  where  L is  the  wave- 
length of  the  incident  wave  and  also  v = oi2  a/g. 


Then 

E 


4v(l  -6)(viXi)(v*X.o) 


{ (m'  +p.  )v  ~(m'  + y.)v}2  + v(v^X.  + v^X, )2 


(4.10) 


where 


1(0 . 

o o 


Wi(vo).  m' 


m/M. 


In  a similar  manner  from  (4.6)  the  expression  for 
the  ratio  of  the  amplitude  of  oscillation  of  the 
cylinder  to  the  amplitude  of  the  incident  wave,  is 
given  by 

2pa2M_1(l  - SJXj 

{[(">'  + P£0)v0-(m'  + + * v l^)2  ) 


(4.11) 

For  a symmetric  body  in  heave  or  sway  the  numerator 
in  (4.11)  is  just  2A./w  for  partly  submerged 
bodies  and  X^/n  for  completely  submerged  bodies. 

A desirable  property  of  any  wave  absorbing  device  is 
the  ability  to  operate  at  high  efficiency  over  a 
wide  band-width.  In  order  to  test  the  efficiency 
for  varying  v we  need  to  know  the  variation  of 
P£,  X £ and  6 with  wavenumber  for  the  particular 
body.  Unfortunately,  to  the  author's  knowledge,  no 
computations  exist  for  these  parameters  for  un- 
symmetric  two  dimensional  cylinders  of  the  type 
considered  by  Salter.  There  do  however  exist  com- 
putations for  various  two  dimensional  cylinders 
having  horizontal  symmetry  as  these  coefficients 
are  useful  in  ship  hydrodynamics  for  determining 
ship  motion  using  strip  theory. 
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Before  considering  particular  cylinders  in  detail, 
it  is  necessary  to  consider  more  closely  the 
conditions  for  maximum  efficiency.  From  (4.8)  it 
is  seen  that  this  requires 

d - bu(m)  (4.12) 

k » [m  + a„(w)]w2  . (4.13) 

It  is  assumed  that  the  damping  constant  d which 
models  the  power  absorbing  mechanism  can  be  varied 
so  that  (4.12)  can  be  satisfied  at  a given  frequency 
io0,  say.  It  remains  to  check  whether  (4.13)  can  be 

satisfied  for  ui  ■ w . 

o 

For  partially  immersed  cylinders  in  roll  this  can 
be  achieved  by  varying  the  distance  of  the  centre 
of  mass  of  the  cylinder  below  the  metacentre  since 
for  cylinders  with  horizontal  symmetry  about  the 
roll  axis,  at  least,  k varies  as  this  distance. 
Generally,  for  cylinders  in  roll,  the  values  of  k 
and  d can  be  adjusted  to  satisfy  (4.12)  and  (4.13) 
with  i • 3,  so  that  the  cylinder  is  "tuned"  to  any 
given  non-dimensional  wavenumber  v0.  For  cylinders 
in  sway,  there  is  no  change  in  the  buoyancy  forces 
so  that  horizontal  springs  must  be  used  to  provide 
the  restoring  force,  the  stiffness  of  the  springs 
being  chosen  to  satisfy  (4.13)  with  i » 1.  The 
situation  for  partially  immersed  cylinders  in  heave 
is  not  so  straightforward  since  because  of  the  large 
buoyancy  forces  which  occur,  it  is  not  always 
possible  to  satisfy  (4.13)  over  the  complete 
frequency  range  of  interest.  Thus  in  the  absence 
of  vertical  springs,  k « 2bpg  for  small  vertical 
oscillations,  where  2b  is  the  waterline  width  of 
the  cylinder  in  equilibrium.  Then,  in  dimensionless 
form,  (4.13)  becomes 

(^)  - [m'  + (4.14) 

where  m'  - m/M.  In  general,  the  variation  of  heave 
added  mass  coefficient  u2  with  v is  such  that 

(4.14)  has  one  root  Vj  say,  and  including  vertical 
springs  increases  k and  hence  increases  the  left 
hand  side  of  (4.14).  This  has  the  effect  of  in- 
creasing Vj  so  that  by  varying  the  stiffness  of 
the  springs  it  is  only  possible  to  tune  the  system 
to  wavenumbers  vQ  i v,.  This  lower  bound  on  vQ 
may  mean  tha>-  in  order  to  tune  the  cylinder  to  the 
predominant  wavelengths  an  unacceptably  large 
cylinder  would  be  required  (since  v » 27ia/L).  One 
way  round  this,  is  to  increase  the  effective  mass 

of  the  cylinder  thereby  reducing  v,  in  equation 

(4.14) .  A method  of  doing  this  without  affecting 
the  equilibrium  position  of  the  floating  cylinder 

is  described  by  Budal  and  Falnes  (5).  Alternatively 
the  cylinder  in  heave  can  be  partially  tuned  by 
satisfying  (4.12)  at  any  desired  frequency  and 
allowing  k its  natural  value  of  2bpg  so  that  in 
general  (4.13)  is  not  satisfied. 

In  the  next  sections  we  consider  the  particular 
cases  of  a rolling  vertical  plate  and  a half 
immersed  swaying  or  heaving  circular  cylinder.  In 
the  plate  problem  we  shall  be  able  to  tune  the  plate 
to  any  desired  wavenumber  by  varying  the  position  of 
the  centre  of  mass.  The  same  is  true  of  the  swaying 
circular  cylinder  by  incorporating  horizontal 
springs.  For  the  circular  cylinder  problem  we  shall 
obtain,  for  different  m' , a lower  bound  to  the 
wavenumbers  to  which  the  cylinder  can  be  tuned.  The 
maximum  efficiency  attainable  in  each  case  is  50%, 
because  of  the  horizontal  symmetry  about  the  axis 
of  oscillation. 


§5  THE  ROLLING  VERTICAL  PLATE 

Consider  a thin  vertical  plate  submerged  to  a depth 
a,  which  is  constrained  to  roll  about  a horizontal 
axis  in  the  free  surface.  Since  the  plate  is 
symmetrical  about  x ■ 0,  6 = i in  (4.10)  and 

(4.11).  For  rolling  motions  i = 3 and 

M - ^ pa14  the  moment  of  inertia  per  unit  length  of 

the  fluid  displaced  by  a semi-circular  cylinder  of 
radius  a around  its  axis. 

The  problem  of  the  fluid  motion  produced  by  the 
rolling  motion  of  a thin  vertical  plate  is  one  of 
the  few  water-wave  problems  which  permit  an  explicit 
solution.  Thus  in  the  Appendix  to  a paper  by 
Kotik  (6)  a reviewer  has  obtained  explicit  expres- 
sions in  terms  of  Bessel  and  Struve  functions  for 
the  dependence  on  v of  the  added  mass  coefficient 
U3  and  the  damping  coefficient  Xj.  These  were 
derived  from  the  full  solution  to  the  problem  given 
by  Ursell  (7).  Kotik  (6)  provides  numerical 
values  for  X3  and  y3  over  a wide  range  of  v 
by  making  use  of  the  Kramers-Kronig  relations. 

These  permit  y3  to  be  computed  from  a Cauchy-type 
integral  involving  x3,  the  latter  being  relatively 
easy  to  find  since  it  is  related  via  the  Haskind 
relations  to  the  exciting  force  on  the  fixed  plate. 

Assuming  the  plate  to  be  uniform,  we  have 

m'  ” m/M  = 4sh/3ita 

where  s is  the  specific  gravity  of  the  plate  and 
h its  (small)  thickness.  It  follows  that  in 
general  m'  will  be  small  enough  for  the  inertia 
of  the  plate  to  be  neglected  compared  to  its  added 
inertia.  It  is  assumed  that  (4.12)  and  (4.13)  can 
be  satisfied  for  all  frequencies  of  interest,  the 
latter  by  varying  the  position  of  the  centre  of 
mass.  In  Fig.  (1),  equation  (4.10),  with  6 = i 
and  m'  = 0,  has  been  used  to  plot  the  power 
efficiency  E against  dimensionless  wavenumber  v 
for  different  values  of  vQ,  the  wavenumbers  for 
which  maximum  efficiency  is  desired.  It  can  be 
seen  that  for  v0  “0.3  the  bandwidth  is  narrow 
but  for  vQ  = 0.5,  E has  a second  maximum  at 
about  v “ 1.8  where  the  efficiency  reaches  almost 
50%,  the  maximum  possible  in  this  case  since  the 
plate  is  symmetrical.  For  v = 0.5  then  there 
is  a wide  bandwidth  with  the  efficiency  remaining 
above  40%  for  v ==  0.4  - 2.6.  The  same  is  true  for 
v - 0.6  and  to  a lesser  extent  for  vQ  - 0.7 
although  this  is  not  shown  in  Fig.(l).  For  larger 
values  of  vQ,  the  second  peak  gradually  disappears 
producing  narrower  bandwidths.  It  would  appear  that 
a vertical  plate  rolling  about  an  axis  in  the  un- 
disturbed surface  operates  most  efficiently  as  a 
wave  power  absorber  when  it  is  tuned  to  wavenumbers 
vo  lying  between  0.5  and  0.7.  For  example,  a 
plate  of  length  20m.  tuned  for  maximum  efficiency  at 
v0  ■ 0.5  would  be  over  40%  efficient  in  responding 
to  any  wave  having  a wavelength  between  50m.  and 
300m.  On  a laboratory  scale,  a similar  efficiency 
is  possible  with  a plate  15  cm.  long  responding  to 
wavelengths  between  40cm.  and  160cm. 

The  effect  of  increasing  the  inertia  of  the  plate 
can  be  seen  in  Fig. (2),  where  m'  - 0.5.  For 
vD  * 0.5  the  40%  efficiency  bandwidth  has  been 
reduced  to  v ■ 0.42  - 1.62  and  the  second  maximum 
has  disappeared.  A better  choice  of  wavenumber  at 
which  to  tune  the  system  is  probably  vQ  • 1.2 
giving  E > 0.4  for  v * 0.6  - 1.6.  In  this  case 
our  20m.  plate  is  over  40%  efficient  for  waves  with 
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wavelengths  lying  between  80m.  and  200m. 

The  roll  amplitude  of  the  plate  as  a function  of  v 
is  given  by  (4.11)  with  i = 3,  6 = j and 
M = Jupa1*.  The  complex  quantity  £3  describes  the 
amplitude  and  phase  of  the  angular  displacement  of 
the  plate  from  the  vertical.  In  Fig. (3)  is  plotted 
|£3a/A|,  the  ratio  of  the  maximum  displacement  of 
the  lower  edge  of  the  plate  to  the  incident  wave 
amplitude,  against  wavenumber  v,  for  different 
values  of  the  tuned  wavenumber  vQ.  For  small 
values  of  vQ  large  resonant  plate  amplitudes 
occur  near  the  tuned  wavenumber.  For  instance  for 
vG  = 0.3  the  maximum  displacement  of  the  lower 
edge  of  the  plate  is  7 times  the  incident  wave 
amplitude  for  v close  to  0.3.  Such  large  plate 
displacements  are  not  consistent  with  a linearised 
theory  and  in  practice  one  would  expect  non-linear 
effects  such  as  wave  breaking  to  predominate  in 
this  case.  For  larger  values  of  the  peak 

displacement  is  much  smaller  and  does  not  occur 
near  the  tuned  wavenumber  but  near  to  v « 0.4. 

As  v increases  the  displacement  diminishes  from 
its  peak  to  zero  monotonically.  The  effect  of  plate 
inertia  on  the  plate  displacement  is  shown  in 
Fig.  (4)  , where  it  can  be  seen  that  for  ra/M  = 0.5, 
the  plate  displacements  are  diminished  and  the 
curves  for  different  values  of  vQ  are  compressed, 
there  being  little  difference  between  them  for 
v > 1.4. 

§6  THE  HALF-IMMERSED  SWAYING  OR  HEAVING  CIRCULAR 
CYLINDER 

As  a second  example  we  consider  a half-immersed 
circular  cylinder  which  is  constrained  to  make  small 
horizontal  (sway)  or  vertical  (heave)  oscillations 
in  response  to  the  incident  waves.  Values  of  the 
sway  and  heave  added  mass  and  damping  coefficients 
were  estimated  from  curves  given  by  Frank  (8),  for 
values  of  dimensionless  wavenumber  v up  to  1.5. 

Results  for  a floating  horizontal  cylinder  con- 
strained to  make  pure  swaying  oscillations  are 
shown  in  Fig. (5) . Since  there  is  no  buoyancy 
restoring  force  in  sway,  it  is  assumed  that  the 
cylinder  is  restrained  by  horizontal  springs  whose 
stiffness  k can  be  varied,  along  with  d the 
damping  constant,  so  that  both  (4.12)  and  (4.13)  can 
be  satisfied  for  all  wavenumbers  of  interest. 

Equation  (4.10)  was  computed  with  4 = J,  i = 1 and 
m = M for  different  values  of  v and  with  vQ  = .3, 
.5  and  1.0.  It  can  be  seen  that  for  vQ  = .3 
the  bandwidth  is  narrow  but  that  for  v0  = .5  and 
1.0,  it  is  much  wider  so  that  at  vQ  = .5  for 
example,  over  40 % of  available  power  is  extracted 
from  waves  of  wavelength  between  5 and  18  times  the 
cylinder  radius.  When  the  cylinder  is  tuned  for 
maximum  efficiency  at  v0  = 1.0  the  efficiency  is 
largely  insensitive  to  small  variations  in  wave- 
number  about  v = 1.0.  The  corresponding  sway 
amplitude  of  the  cylinder  compared  to  the  incident 
wave  amplitude  is  shown  in  Fig.  (6).  For  both  long 
and  short  waves  the  sway  amplitude  tends  to  zero  so 
that  there  is  a maximum  amplitude  for  each  value  of 
vQ,  the  maximum  decreasing  with  increasing  vQ. 

For  a floating  half-immersed  circular  cylinder 
making  small  vertical  oscillations  there  is  a 
natural  buoyancy  restoring  force  and  k = 2apg  so  ' 
that  with  m = M,  equation  (4.14)  has  the  root 
vj  ■ .79.  At  this  wavenumber,  corresponding  to 
waves  of  wavelength  about  8 times  its  radius,  the 
heaving  cylinder  can  be  tuned  to  extract  50%  of  the 
wave  power  by  choosing  d to  satisfy  (4.12). 


Fig.  (7)  shows  how  the  efficiency  of  power 
extraction  computed  from  (4.10)  with  4 “ j and 
i = 2,  varies  with  v . As  for  the  swaying  cylinder, 

E decreases  monotonically  either  side  of  the  tuned 
wavenumber  and  the  cylinder  is  over  40%  efficient 
to  waves  of  wavelength  between  about  6 and  11  times 
the  radius  of  the  cylinder.  Also  shown  is  the 
effect  of  tuning  the  cylinder  to  a wavenumber 
vQ  = 1.0.  This  is  done  by  choosing  k and  d so 
that  (4.12)  and  (4.13)  are  satisfied  by  v0  - 1.0, 
a vertical  spring  being  required  to  provide  the 
additional  restoring  force.  The  two  curves  are 
similar,  the  second  curve  showing  that  the  cylinder 
is  now  40%  efficient  in  absorbing  waves  of  wave- 
length between  about  5 and  8 times  the  cylinder 
radius . 

It  has  already  been  mentioned  that  a possible  method 
of  producing  peak  efficiencies  at  lower  wavenumbers 
is  to  only  partially  tune  the  cylinder.  In  other 
words  we  allow  k its  natural  value  of  2pga  so 
that  (4.13)  is  satisfied  by  Vj  = .79  but  adjust 
d to  any  desired  wavenumber  so  that  (4.12)  is 
satisfied  at,  say  v = vc,  but  not  (4.13).  In  this 
case  the  denominator  of  the  expression  (4.10)  for  E 
must  be  changed  to 

{ 4tt  1 - (m1  + u2  )v)2  + v(v^A2  + v^A2o)2  (6.1) 

and  a similar  change  is  required  in  the  expression 
(4.11)  for  the  heave  amplitude  ratio.  The  result 
is  shown  by  the  dashed  curve  in  Fig. (7) , where 
vQ  = .3.  It  is  noticeable  how  little  effect  this 
partial  tuning  has  on  shifting  the  peak  efficiency 
away  from  v = .79.  The  efficiency  is  increased 
by  about  30%  for  v = .3  and  reduced  by  only  about 
2%  for  v = .79,  suggesting  that  the  restoring 
force  is  more  important  than  the  damping  force  in 
determining  the  peaks  of  maximum  efficiency. 

An  alternative  method  of  lowering  the  wavenumber  at 
which  maximum  efficiency  occurs  is  to  increase  the 
effective  mass  of  the  cylinder.  Thus  Fig. (8) 
shows  the  variation  of  E with  v when  m/M  = 1.5. 
With  this  value  the  equation  (4.14)  has  the  root 
vj  = .6  , so  that  the  cylinder  can  be  tuned  to  50% 
efficiency  in  response  to  waves  of  wavelength  about 
10  times  the  cylinder  radius.  Also  shown  in  Fig. (8) 
is  the  effect  of  increasing  the  "stiffness"  of  the 
cylinder  by  adding  vertical  springs  so  that  maximum 
efficiency  is  achieved  at  vQ  = .8  and  vQ  = 1.0. 

It  can  be  seen  that,  just  as  for  the  rolling  vertical 
plate,  the  effect  of  increasing  the  inertia  is  to 
reduce  the  efficiency  bandwidth.  Comparing  the 
corresponding  curves  for  vQ  = 1.0  and  m/M  = 1 
and  1.5  shows  how  the  40%  efficiency  bandwidth  is 
reduced  from  v » .77  - 1.24  to  v = .82  - 1.17 
respectively. 

The  heave  amplitude  of  the  cylinder  compared  to  the 
incident  wave  amplitude  is  shown  in  Fig.  (9).  When 
tuned  to  the  "natural"  wavenumber,  vo  ” -79,  the 
heave  amplitude  decreases  monotonically  with  v . 

The  dashed  curve  shows  the  heave  amplitude  for  a 
partially  tuned  cylinder  with  vQ  = .3.  It  is  less 
than  the  corresponding  amplitude  for  the  completely 
tuned  cylinder  for  all  v.  The  effect  of  increasing 
the  stiffness  of  the  cylinder  so  that  vQ  = 1.0  is 
to  decrease  the  amplitude  for  v < .8  and  to 
increase  it  for  v > .8,  there  now  being  a local 
maximum  at  about  v = .7.  In  Fig.  (10)  is  shown 
the  heave  amplitude  variation  with  v when  the 
effective  mass  m = 1.5M.  The  curves  all  show  a 
maximum  at  a wavenumber  v less  than  the  tuned 
value  v^.  In  general  the  effect  of  increasing  the 
inertia  is  to  decrease  the  heave  amplitude  at  a 
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given  wavenumber.  The  values  of  the  amplitudes  at 
v = 0 are  obtained  from  the  asymptotic  result 

U2/a|  = 4/7t(m'  + P2o)y0  (6.2) 

which  equals  1 for  a cylinder  with  no  additional 
restoring  force.  Equation  (6.2)  follows  from  (4.11) 
when  use  is  made  of  the  result  A2  (0)  = 8/tt  for 
the  heaving  half-immersed  cylinder  given  by  Kotik 
and  Mangulis  (9) . 

§7  THREE-DIMENSIONAL  WAVE-POWER  ABSORBERS 


\li\2 


2epg3b . ,u> 
ii 


-3 


I M { [V.  - (m  + a££)ui2]2  + io2  (d  + b^j)2  } 
so  that  at  a given  wave  frequency, 

|Ci/A|max  ‘ Ccpg3/2b.iu.5)4 


(7.4) 


The  theory  given  in  §4  can  also  be  applied  to  three- 
dimensional  bodies  having  a vertical  axis  of 
symmetry.  As  before  it  is  assumed  that  the  body  is 
constrained  to  move  in  a single  mode  only.  The 
equations  of  motion  are  the  same  as  in  §4  up  to 
equation  (4.4)  which  must  be  replaced  by  the 
relation  between  the  exciting  force  F^s  and  the 
damping  coefficients  for  such  bodies  given  by 
Newman  (4),  equations  (31) — (33) • 


Thus 


where 


L.  - hi) -i 

(2,  i = 1,3 

'’ll.  i-2  * 


(7.1) 


It  follows  that  the  power  absorbed  by  the  body  is 
cut  *pg3db.  jA2/{  [k  - (m  + a.^)u>2  ]2  + w2(d  + b^)2). 


where  bjj  = MA^o)  and  it  is  usual  to  choose  for 
M the  mass  of  water  displaced  by  a half-immersed 
sphere  of  radius  a equal  to  a typical  radius  of 
the  body.  Thus  M « y spa3  (or  twice  this  if  the 

body  is  completely  submerged)  and 

l?i/AlnaX  = (3c/4»A.v3)4.  (7.5) 


We  see  that  this  expression  may  well  become  large 
for  small  values  of  v,  depending  on  the  precise 

variation  of  A.  with  v. 
l 


If  we  tune  the  body  to  a wavenumber  vD  = u)2a/g  by 
choosing  k = m'  + aii(u>0)u>o  and  d = (<•>(>) 

then  the  full  non-dimensional  expression  for  the 
amplitude  of  the  body  compared  to  the  incident 
wave  amplitude  is 


liil  = 

I A I { [(«'  + Uj)v0 


(3eA.x  *v  *)4 


- (m1  + p.  )v  l2  + v(v4A.  + A.)2  } ^ 


The  total  power  in  an  incident  wave  of  unit  frontage 
is  pg2A2/4u>,  and  the  ratio  of  these  quantities 
provides  us  with  a power  absorption  length  I!,  as 
defined  by  Budal  and  Falnes  (5). 

Thus 

4egdb.  . 

<L  s - 

[k  - (m  + aii)w2]2  +<u2  (d  + bj^)2 


(7.6) 

while  the  non-dimensional  power  absorption  length 
£/2a  is  given  by 

„ 2t(v4A.)(viA.  ) 

J. v i/'-  o io;  

2 a [ (m1  + M . )v  - (m’  +u.)v]2+v(viA,  + v^A.  )2  * 

lO  O 1 O 3.0  1 

(7.7) 


(k  - (m  + a.  .)u2)2  + u)2  (d  -b  . .)2^ 

ii  . (7.2) 

(k  -(m  + a^)u>2)2  +u>2(d  +b£^)2J 

It  follows  that  for  a given  wave  frequency  w,  the 
maximum  value  of  £ is 


l 

max 


eg  eL 
or  2x 


(7.3) 


obtained  by  choosing  k ■ (m  + a^^)»2  and  d * bii 
as  in  the  two-dimensional  case. 


The  result  (7.2)  leads  to  the  remarkable  conclusion 
that  a correctly  tuned  floating  body  of  any 
diameter  is  capable  of  absorbing  all  the  power  in  an 
incident,  wave  of  frontage  equal  to  L/2ir,  where  L 
is  the  wavelength  of  the  incident  wave.  This  result 
has  also  been  quoted  by  Budal  and  Falnes  (10)  for 
the  case  of  heave  oscillations.  It  appears,  there- 
fore, that  in  response  to  long  waves,  the  tuned  body 
may  be  more  efficient  than  a two-dimensional  cylinder 
which  oust  have  tmax  less  than  the  cylinder  length. 
However,  we  find  that  the  response  amplitude  of  the 
tuned  body  also  increases  as  L increases  so  that 
the  assumptions  of  small  oscillations  may  be 
violated  by  the  body  when  tuned  to  long  waves.  In 
fact,  from  (7.1)  the  corresponding  expression  to 
(4.6)  shows  that 


The  heaving  sphere 

We  consider  in.  detail  the  particular  case  of  a 
sphere  constrained  to  make  small  heaving 
oscillations  in  response  to  the  incident  waves. 

This  has  also  been  considered  by  Budal  and  Falnes 
(5)  but  their  treatment  ignores  the  effect  of  the 
diffracted  wave  field. 

In  heave  oscillations  i = 2 and  e = 1 in  (7.2) 
and  (7.4),  and  there  is  a natural  buoyancy 
restoring  force  such  that  k = xpa2  in  (7.4).  The 
non-dimensional  form  of  the  optimal  tuning  condition 
corresponding  to  (4.14)  is  now 

“ (m’ + p2(v))v,  where  m’  = m/M  (7.5) 

and  this  has  the  root  Vj  = 1.045  for  m1  = 1. 

Thus  optimal  tuning  is  only  possible  for  v = Vj 
or,  by  incorporating  additional  vertical  restoring 
forces,  for  v i Vj.  This  means  that  a floating 
sphere  can  only  be  an  efficient  wave  power  absorber 
to  waves  of  wavelength  less  than  about  6 times  the 
sphere  radius.  If,  as  in  the  two-dimensional  case 
we  assume  that  the  mass  m can  be  increased  with- 
out affecting  the  buoyancy  of  the  sphere,  then  vj 
can  be  reduced.  Thus  for  m’  * 1.5,  equation  (7.5) 
has  the  root  vj  • .75. 
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Curves  o£  !./2a  as  a function  of  v are  shown  in 
Fig.  (11)  using  values  for  112  and  X2  estimated 
from  Havelock  (11).  A floating  sphere  with 
m/M  - 1.0,  is  tuned  to  wavenumbers  v0  ■ 1.045. 

Also  shown  are  the  curves  obtained  when  the  sphere 
is  tuned  to  wavenumbers  1.25  and  1.5  by  increasing 
the  vertical  restoring  force  by  means  of  springs. 

The  envelope  of  the  peaks  in  i/2a  has  the  equation 
l/2a  = (2v)-1.  It  can  be  seen  that  a heaving  sphere 
can  extract  all  the  power  in  an  incident  wave  of 
crest  length  equal  to  just  less  than  half  the 
diameter  of  the  sphere,  and  whose  wavelength  is 
about  6 times  the  radius  of  the  sphere.  It  is  of 
interest  to  compare  this  with  the  heaving  circular 
cylinder  (Fig. (7)  ) which  can  extract  half  of  the 
power  in  an  incident  wave  of  crest  length  equal  to 
the  cylinder  length  and  of  wavelength  about  8 times 
the  cylinder  radius.  It  follows  that  for  a circular 
cylinder  to  be  as  efficient  as  a sphere  of  diameter 
2a  in  extracting  power  from  a given  incident  wave, 
it  must  have  length  2a  and  radius  ja  approxi- 
mately, with  6a  » L,  the  wavelength  of  the  incident 
wave.  In  this  case  the  sphere  must  be  about  1.2 
times  the  mass  of  the  cylinder. 

If  the  sphere  is  stiffened  by  increasing  the  vert- 
ical restoring  force,  the  tuned  wavenumber  increases 
and  the  peaks  of  absorption  length  ratio  decrease. 
The  heave  amplitude  ratio  is  also  shown  in  Fig.  (11) 
by  the  dashed  curves.  The  curves  peak  at  a value 
of  v which  is  less  than  the  corresponding  tuned 
wavenumber  vQ.  For  long  waves,  as  v -*•  0,  the 
asymptotic  value  of  | ^2 / A | is  given  by 

|52/A|  '\-3/[2(m'  + u2o)voJ 

which  is  derived  from  (7.6)  by  using  the  result 
X2(v)  v 3xv/4  as  v -*■  0 given  in  (9)  for  the 
heaving  sphere.  For  the  unstiffened  heaving  sphere 
|C2/A|  v 1 as  v •*  0.  The  effect  of  increasing 
the  restoring  force  is  to  decrease  the  heave 
amplitude  at  a given  wavenumber. 

In  Fig.  (12)  is  shown  the  effect  on  t/2a  of 
increasing  the  mass  of  the  sphere  so  that  m'  « 1.5. 
The  natural  tuned  wavenumber  is  now  v0  - .75  and 
the  peak  of  £/2a  is  increased  accordingly  although 
the  bandwidth  is  narrower.  Also  the  heave  amplitude 
peak  is  much  larger  being  over  lj  times  the  incident 
wave  amplitude.  The  curves  for  v0  = 1*0  and  1-25 
show  that  the  same  is  true  for  the  stiffened  sphere. 
The  advantage  of  increasing  the  mass  of  the  sphere 
is  that  it  enables  tuning  to  take  place  at  smaller 
wavenumbers,  which  means  smaller  spheres,  and  also 
greater  power  absorption.  This  is  offset,  however, 
by  larger  heave  amplitudes  of  the  sphere,  and 
narrower  bandwidths. 

The  effect  of  partially  tuning  the  sphere  by 
satisfying  d *»  b22(w)  for  any  desired  u » io0 
while  allowing  k its  natural  value  of  spa2  turns 
out  to  make  little  difference  to  £/2a  and  is  not 
shown  in  the  Figures.  As  for  the  circular  cylinder, 
it  appears  that  the  restoring  force  is  more  impor- 
tant than  the  damping  force  in  tuning  the  sphere 
for  maximum  power  absorption. 

48  OSCILLATIONS  IN  MORE  THAN  ONE  MODE 

It  was  shown  in  §3  how  the  efficiency  of  power 
extraction  at  a given  wavenumber  can  be  improved  by 
choosing  a cylinder  for  which  A^  is  as  small  as 
possible.  For  a cylinder  oscillating  about  an  axis 
of  horizontal  symmetry  it  was  shown  that  the  maximum 
efficiency  possible  at  a given  wave  number  was  50%. 
In  this  section  we  consider  cylinders  with  horizon- 


• 

tal  symmetry  about  their  axis  of  oscillation  which 
are  allowed  to  oscillate  in  more  than  one  mode. 

To  be  specific,  we  assume  that  the  cylinder  is  held 
in  equilibrium  by  horizontal  and  vertical  springs 
and  dampers  so  that  when  excited  by  an  incident 
wave,  the  cylinder  is  constrained  to  make  combina- 
tions of  small  horizontal  and  vertical  oscillations 
without  rotation.  (Alternative  constraints  may 
also  be  considered  but  the  present  assumptions  are 
chosen  for  simplicity.)  We  shall  show  that  at  a 
given  frequency,  a correctly  tuned  cylinder,  that 
is,  one  in  which  the  spring  and  damper  constants 
have  been  chosen  appropriately,  is  100%  efficient 
as  a wave  absorber. 


The  motivation  for  what  follows  arises  from  a paper 
by  Ogilvie  (12)  who  considered  the  effect  of  waves 
on  a completely  submerged  circular  cylinder.  In 
the  course  of  his  work  he  showed  that  if  the  centre 
of  the  cylinder  described  a circle  then  the  waves 
generated  by  the  cylinder  notion  travelled  away 
from  the  cylinder  along  the  free  surface,  but  in 
one  direction  only.  Recent  experiments  (13)  give 
a qualitative  verification  of  this  result.  This 
phenomenon,  while  at  first  appearing  remarkable, 
can  be  generalised  to  arbitrary  cylinders  with 
horizontal  symmetry.  Heave  oscillations  of  such  a 
cylinder  produce  waves  of  equal  amplitude  and  phase 
radiating  to  either  infinity  whereas  sway  oscilla- 
tions produce  waves  of  equal  amplitude  but  exactly 
out  of  phase  at  either  infinity.  By  a suitable 
combination  of  the  amplitudes  and  phases  of  these 
vertical  and  horizontal  motions  it  is  possible  to 
cancel  the  wave  at  one  infinity  completely  thus 
producing  radiation  in  one  direction  only.  Revers- 
ing .he  sign  of  the  time  co-ordinate  now  shows  that 
there  exists  a motion  of  the  cylinder  which  will 
completely  absorb  a given  incident  wave. 

Having  demonstrated  in  principle  the  possibility  of 
a 100%  efficient  wave  absorber,  it  remains  to 
determine  what  conditions  must  be  satisfied  by  the 
spring  and  damper  constants  to  ensure  that  the 
cylinder  will  respond  in  the  required  fashion  and 
absorb  all  of  the  incident  wave. 


Equations  of  motion 


The  equations  of  motion  for  the  cylinder  are  very 
similar  to  those  derived  in  §4.  Here  we  allow  Cj 
and  C2,  the  amplitudes  of  sway  and  heave  respect- 
ively, to  occur  simultaneously.  Thus  (4.1)  is 
modified  to  the  two  equations 


m'c’i  = -d^  - k.;.  + F.(i  - 1,2)  (8.1) 


where  d^  and  k^  are  the  dampers  and  spring 
constants  in  the  horizontal  (i  = 1)  and  vertical 
(i  = 2)  directions.  As  before  F^  is  the  total 
hydrodynamic  force  in  the  i*1*1  direction.  We  may 
write 


F. 

1 


F.  + 
IS 


F.  . 
ij 


(i  - 1,2) 


where  Fjs  is  the  force  in  the  il  direction  on 
the  cylinder,  assumed  to  be  fixed  in  the  presence 
of  the  incident  wave,  and  Fjj  is  the  force  in  the 
ith  direction  due  to  the  oscillation  of  the  cylinder 
in  the  jth  direction.  Now  for  cylinders  with 
horizontal  symmetry  about  their  axis  of  oscillation, 
Fjj  - 0 if  i + j (i,j  • 1,2).  Because  of  this 
the  subsequent  development  follows  closely  that 
leading  to  equation  (4.6).  The  power  per  unit 
length  absorbed  by  the  cylinder  is  modified  to 
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include  the  work  done  by  both  Fj  and  F2 , to  give 


u 

2ir 


2 f2u/ii) 

C .F . dt 

A l 1 1 


i»2  I d.|5il 

i-1  1 
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■2v  l 


(v^X.)(v^X.  ) 
v 1' v o 10 ' 


i-1  {(m'+u.  )v  -(m'+u.)v}2+v(v*X  +v*X  )2 
10  o 1 1 o 10 


(8.7) 


The  expression  for  the  efficiency,  after  putting 
6 - J because  of  the  symmetry  of  the  cylinder, 
becomes 


2 

'.I  ~ 

i-1  lki 


2u2b . 


•(m  + a^)u2}2  + w2(b^  + d^)2 


(8.2) 


An  alternative  derivation  of  (8.2)  is  possible 
making  use  of  the  definition  of  E in  terms  of 
reflection  and  transmission  coefficients  given  by 
(3.4).  In  this  case  the  time  independent  potential 
4> (x ,y ) can  be  written 


$(x,y)  * $ + lw  F 

W S .L,  1T1 

1-1 


so  that 


R + 


110^  r 
gA  -L 


i-1 


A+  5- 
1 1 


(8.3) 


Tj  - T 


2 

I 


i-1 


A. 
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Equations  (3.4)  and  (3.6) 


now  show  that 


(8.4) 


2 

E - 2 l {Rey.  - |y.|2}  ...  (8.5) 

i-1 

where  Yi  - iu>2A£^/gA  and  the  fact  that  | A£  | - |AjJ 
(i  - 1,2)  has  been  used.  The  maximum  value  of  E 
occurs  when  Yf  - 1 (i  - 1,2)  whence  Emax  - 1 and 
the  wave  is  completely  absorbed.  Substituting 
- J into  (8.3)  and  (8.4)  we  obtain 


Rj  - R + 


2 . - + 

T1  - T + J l A /A.  . 

i-1 

It  follows  that  Ri  - Tj  - 0 as  expected  since 
R + (-1) XT  - -(A^/A^)  from  (3.6)  and  A+  - (-l)iAi 
(i  - 1,2). 

Returning  to  (8.2)  we  see  that  maximum  efficiency 
is  achieved  at  frequency  uiq  by  choosing 

k.  = (m+a..)u2,  d.  -b. . (u  ) (i-1, 2)  ...  (8.6) 

1 11  o 1 11  o 

giving  E - 1.  If  we  non-dimens ionalise  the  added 
mass  and  damping  coefficients  in  heave  and  sway  by 

writing  a..  - Mu.,  b..  - MuiX.  as  before,  we  obtain 
0 11  1 11  1 


in  the  same  notation  as  in  (4.10). 

Also,  the  amplitude  of  oscillation  in  the  iC^  mode 
is  given  by 

S^/A  - ogAt/{k^  -(m  + a.  ^)w2  + iu)(d  + b^) } (8.8) 

and  (8.6)  and  (4.5)  confirm  that  y.  - J for 
maximum  efficiency. 

The  non-dimensional  form  of  (8.8)  is 


Ifi 

i A 


2 2 ^ 
* paz 


££_  y 
M i-i 


X. 
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{(m'+y.  )v  ~(m' +y  • )v  }2+v  (v*X  . +v*X.)2 
10  o 1 o 10  1 


(8.9) 


similar  to  (4.11)  with  6 - J. 

The  half-immersed  circular  cylinder 

We  consider  the  combined  heave  and  sway  oscillations 
of  a half-immersed  circular  cylinder.  As  was 
pointed  out  in  §4  there  is  a natural  buoyancy  force 
in  heave  and  in  the  expression  (8.7)  for  E,  the 
term  (m'  + U2o)vo  must  be  replaced  by  4ti_1  for 
vQ  < vj  i .79  as  in  (6.1).  For  vQ  1 .79  (8.7) 
holds  as  it  stands.  In  Fig.  (13)  are  drawn  curves 
of  E,  modified  as  described,  against  v for 
different  values  of  v0  the  tuned  wave  number. 

It  is  assumed  that  m - M so  that  the  cylinder  is 
floating.  For  vQ  i vj  the  horizontal  and  vertical 
springs  and  dampers  can  be  chosen  to  satisfy  (8.6) 
and  100%  absorption  occurs  at  v - v0.  This  can  be 
seen  in  the  curves  for  v0  = . 79  and  vD  - 1.0. 

For  v0  < vy  only  the  horizontal  part  of  the  motion 
can  be  tuned  exactly  and  so  the  maximum  efficiency 
attainable  is  somewhat  less  than  100%.  At  vQ  - .3 
it  can  be  seen  that  the  maximum  efficiency  is  about 
80%  near  v = .7  and  a second  smaller  peak  occurs 
near  v - .3. 

The  submerged  circular  cylinder 

We  next  consider  the  problem  of  the  completely 
submerged  circular  cylinder  held  in  equilibrium  by 
horizontal  and  vertical  springs  and  dampers.  For 
this  problem  the  sway  and  heave  added  mass  and 
damping  coefficients  are  the  same  (Ogilvie  (12) 
equation  (35)  ) and  values  for  these  coefficients 
estimated  from  the  results  of  Frank  (8)  for  a 
cylinder  of  radius  a whose  centre  is  submerged  is 
submerged  to  a depth  5a/4  are  used.  For  a 
completely  submerged  body  no  natural  buoyancy  forces 
occur  during  the  motion  so  that  k.(i  - 1,2)  can 
take  any  desired  positive  value  so  that  in  general 
(8.6)  can  be  satisfied.  (Ogilvie  has  shown  that 
a^£  can  in  fact  become  negative  for  cylinders  close 
to  the  surface  but  this  does  not  occur  in  the  case 
under  consideration.) 

Fig.  (14)  shows  curves  of  E against  v for 
different  values  of  tuned  wavenumber  y0,  computed 
from  (8.7)  with  m - M.  At  v * v0  t*le  incident 
wave  is  completely  absorbed  by  the  cylinder  whose 
centre  is  then  moving  in  a circle.  For  both  very 
short  and  very  long  waves,  the  efficiency  of  power 
absorption  tends  to  zero.  In  the  intermediate 
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range  a cylinder  tuned  to  a wavenumber  vQ  - .5  - .7 
is  very  efficient  in  extracting  power  from  waves. 

Thus  for  vQ  * .5  it  can  be  seen  that  over  90% 
of  the  wave  powers  is  extracted  from  waves  of  wave- 
length between  about  7 and  24  times  the  cylinder 
radius.  It  is  clear  that  at  this  value  of  vQ  the 
efficiency  of  the  cylinder  is  remarkably  insensitive 
to  changes  in  the  wavelength  of  the  incident  wave. 

The  heave  and  sway  amplitudes  compared  to  the 
incident  wave  amplitude  are  computed  from  (8.9) 
with  M » Ttpa2,  and  shown  in  Fig.  (15)  as  a function 
of  v for  different  vQ.  At  v * vQ>  the  motion  of 
the  cylinder  is  circular  but  this  is  not  evident 
from  the  results  as  it  requires  knowledge  of  the 
relative  phases  of  the  heave  and  sway  motions.  For 
vQ  = .5,  when  the  efficiency  bandwidth  is  widest, 
the  heave  or  sway>  amplitude  has  a maximum  of  about 
.8  times  the  incident  wave  amplitude  at  v = .25 
corresponding  to  E = .87.  At  v = .5,  when 

E * 1.0,  the  amplitude  ratio  is  .5  so  that  the 
cylinder  then  describes  a circle  of  radius  one  half 
the  incident  wave  amplitude. 

The  variation  of  E with  depth  of  submergence  of 
the  cylinder  can  be  predicted  from  (8.7).  The 
damping  coefficients  for  the  submerged  circular 
cylinder  decay  exponentially  as  the  depth  of  the 
centre  of  the  cylinder  increases  relative  to  the 
radius  of  the  cylinder.  This  follows  from  Ogilvie 
(12)  equation  (59).  Thus  one  would  expect  that  for 
deeply  submerged  cylinders,  the  efficiency  would 
drop  sharply  either  side  of  the  v * vQ  producing 
a very  narrow  bandwidth.  Also,  from  (8.9)  the 
amplitude  ratio  at  v = vQ  is  inversely  proportion- 
al to  the  damping  coefficient  and  consequently 
increases  exponentially  with  decreasing  depth. 

CONCLUSION 

A simple  linearised  theory  has  been  presented  for 
the  absorption  of  the  power  in  a sinusoidal  wave- 
train,  by  an  oscillating  body.  Expressions  have 
been  derived  for  the  efficiency  of  power  absorption 
when  the  body  is  a two  dimensional  cylinder 
oscillating  in  either  a single  mode  or  in  certain 
combinations  of  two  modes.  These  expressions  show 
that  the  efficiency  depends  solely  on  the  solution 
to  the  radiation  problem;  namely,  when  the  cylinder 
is  forced  to  oscillate  in  the  particular  mode.  A 
special  case  of  a three-dimensional  symmetric  body 
was  also  considered.  Curves  were  presented  showing 
the  variation  of  efficiency  with  non-dimensional 
wavenumber,  it  being  assumed  that  the  body  was 
coupled  to  the  fluid  using  springs  and  dampers  whose 
constants  could  be  adjusted.  Only  simple  bodies 
with  symmetry  whose  wave-making  properties  were 
known  were  used  in  the  calculations.  The  expressions 
car.  be  applied  to  more  efficient  unsyrametric  wave- 
power  absorbers  such  as  the  Salter  cam  once  the 
added  mass  and  damping  coefficients  together  with 
the  radiation  wave  amplitudes  are  known  for  such 
bodies. 

Of  particular  interest  in  the  results  was  the 
possibility  of  100%  efficiency  for  cylinders 
oscillating  in  a combination  of  modes.  The  large 
bandwidth  exhibited  by  the  submerged  cylinder  is 
encouraging  in  this  respect  and  may  warrant  further 
design  studies. 


overlaps  with  material  in  the  present  paper.  Thus 
equations  (3.7),  (3.9)  and  (7.3),  although  derived 
independently,  are  also  to  be  found  in  Newman's 
paper. 
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Fig  1 : Efficiency  of  power  absorption  £ of  a rolling  plate 
with  m 0 vs  dimensionless  wavenumber  v for 
different  values  of  the  tuned  wavenumber  v0 


Fig  2:  Efficiency  of  power  absorption  E of  a rolling  plate 
m 0 5 M vs.  dimensionless  wavenumber  v for 

different  values  of  the  tuned  wavenumber  v1(. 


Fig  3:  Ratio  of  maximum  displacement  of  lower  edge  of 
rolling  plate  with  m 0 to  incident  wave 
amplitude.  {3a/A  , vs  dimensionless 
wavenumber  v for  different  values  of  the  tuned 
wavenumber  »•„. 


Fig  4 Ratio  of  maximum  displacement  of  lower  edge  of 
rolling  plate  with  m 0 5Af  to  incident  wave 
amplitude.  43a/A  . vs  dimensionless 
wavenumber  v for  different  values  of  the  tuned 
wavenumber  v0. 


Fig.  5:  Efficiency  of  power  absorption  f of  a swaying 
half-immersed  circular  cylinder  with  m M vs 
dimensionless  wavenumber  v for  different  values 
of  the  tuned  wavenumber  v0. 


Fig.  6:  Ratio  of  the  sway  amplitude  of  the  half-immersed 
circular  cylinder  to  the  incident  wave  amplitude. 
|4./A  vs.  dimensionless  wavenumber  >■  for 
different  values  of  the  tuned  wavenumber  v0. 
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Fig.  7 : Efficiency  of  power  absorption  C of  a heaving 
half-immersed  circular  cylinder  with  m - M vs 
dimensionless  wavenumber  v for  different  values 
of  the  tuned  wavenumber  v«.  The  natural  tuned 
wavenumber  is  v0  t 0.79.  The  dashed  curve 
shows  the  effect  of  partial  tuning  at  v0  = 0 3 


Fig.  8:  Efficiency  of  power  absorption  £ of  a heaving 

half-immersed  circular  cylinder  with  m = 1.5Afvs. 
dimensionless  wavenumber  v for  different  values 
of  the  tuned  wavenumber  r0.  The  natural  tuned 
wavenumber  is  v0  = 0.6. 


Fig.  9:  Ratio  of  the  heave  amplitude  of  the  half-immersed 
circular  cylinder  with  m = M,  to  the  incident 
wave  amplitude.  I {,/A  | vs  dimensionless 
wavenumber  v for  different  values  of  the  tuned 
wavenumber  v0.  The  dashed  curve  shows  the 
effect  of  partial  tuning  at  v0  = 0.3. 


Fig  10  Ratio  of  the  heave  amplitude  of  the  half-immersed 
circular  cylinder  with  m 1 5Af.  to  the  incident 
wave  amplitude  {.  A vs  dimensionless 
wavenumber  \ for  different  values  of  the  tuned 
wavenumber  i0. 


Fig  11  : Power  absorption  length  ratio  //2a  vs 

dimensionless  wavenumber  v for  a heaving  half- 
immersed  sphere  with  m - M for  different  values 
of  the  tuned  wavenumber  v„.  The  natural  tuned 
wavenumber  is  v0  = 1 .045  The  dashed  curves  are 
the  corresponding  ratios  of  the  heave  amplitude 
of  the  sphere  to  the  incident  wave  amplitude 

uyA  . 


Fig.  12:  Power  absorption  length  ratio  //2a  vs. 

dimensionless  wavenumber  v for  a heaving  half- 
immersed  sphere  with  m = 1 54f  for  different 
values  of  the  tuned  wavenumber  v0.  The  natural 
tuned  wavenumber  is  v0  = 0.75.  The  dashad 
curves  are  the  corresponding  ratios  of  the  heave 
amplitude  of  the  sphere  to  the  incident  wave 
amplitude.  | {S/A  |. 


♦ 


© IMcchF  1977 


514 


V .27 


» 2 TT  q/L 


Fig  1?:  Efficiency  E of  power  absorbed  of  a half  immersed 
circular  cylinder  with  m M.  in  a combination 
of  heave  and  sway  motions  vs  dimensionless 
wavenumber  \ for  different  values  of  the  tuned 
wavenumber  v0  > 0 79  For  i0  < 0 79  the  effect 
of  partial  tuning  is  shown 


Fig  14  Efficiency  f of  power  absorption  of  a circular 

cylinder  of  radius  a.  with  m M.  submerged  to  a 
depth  la  and  making  a combination  of  heave  and 
sway  motions,  vs  dimensionless  wavenumber  i 
for  different  values  of  the  tuned  wavenumber  v0. 


Fig  15:  Ratio  of  the  heave  or  sway  amplitude  to  the 
incident  wave  amplitude.  f^/A  j,  / = 1,2,  for  a 
cylinder  of  radius  a,  with  m = M.  submerged  to  a 
depth  Ja.  and  making  a combination  of  heave  and 
sway  motions,  vs.  wavenumber  v for  different 
values  of  the  tuned  wavenumber  v0. 


515 


© IMechfc  1177 


\ 


FINITE-AMPLITUDE  UNSTEADY  SLENDER-BODY 
FLOW  THEORY 


T.  Y . WU  and  G.  1.  YATES 

California  Institute  of  Technology.  Pasadena.  C alifornia.  USA 


ABSTRACT 

This  paper  contains  two  parts.  The  first  is  a theoretical  study  of  the  potential  flow  generated  by 
arbitrary  finite -amplitude  motion  of  a flexible  slender  body  whose  shape  is  limited,  at  this  stage,  to 
having  circular  cross  sections  with  continuously  varying  radius  along  the  body  centerline,  and  without 
side  and  tail  fins.  The  velocity  potential  is  represented  by  a line  doublet  distributed  along  the  body 
centerline.  Guided  by  the  example  of  a toroidal  ring,  of  which  the  relatively  simple  symmetry  in  shape 
has  made  an  accurate  solution  possible,  a general  theory  is  developed  for  a slender  flexible  body  per- 
forming a planar  motion  of  arbitrary  amplitude. 

The  second  part  is  an  experimental  investigation  devoted  to  an  examination  of  the  basic  slender-body 
assumptions  underlying  various  theories.  A tri-axial  ellipsoid  has  been  selected  as  a representative 
case  involving  all  the  significant  features  of  interest,  for  which  the  exact  solution  of  potential  flow  and 
the  approximate  solution  based  on  slender-body  theory  are  evaluated  and  compared  with  the  experimental 
measurements  of  the  pressure  distribution  obtained  by  using  a set  of  pressure  transducers. 


1 . Introduction 

The  present  study  is  intended  to  explore  some 
aspects  of  unsteady  slender-body  theory,  with 
special  reference  to  large  amplitude  motions  per- 
taining to  fish  locomotion  and  related  problems  of 
hydromechanical  interest. 

General  surveys  of  the  field  regarding  both  his- 
torical and  current  developments  have  been  quite 
extensively  covered  in  the  proceedings  of  recent 
symposia  devoted  to  the  subject  (Proceedings  of 
Symposium  on  Swimming  and  Flying  in  Nature, 
eds.  , Wu,  Brokaw,  Brennen  1975;  International 
Symposium  on  Biodynamics  of  Animal  Locomotion 
held  in  September  1975  at  Cambridge  University, 
Proceedings  to  be  published).  In  the  aspect  of  un- 
steady slender-body  theory  for  fish  locomotion  in 
particular,  the  recent  development  was  initiated 
by  Lighthill  (1960)  who  first  introduced  a perturba- 
tion expansion  in  powers  of  an  amplitude  parame- 
ter c and  derived,  for  the  case  when  no  vorticity 
is  shed  upstream  of  the  tail  section,  the  thrust  and 
energy  loss  up  to  the  terms  of  order  c 2.  Later, 
Lighthill  (1970)  considered  fins  with  abrupt  trailing 
edges,  in  which  case  the  strength  of  the  vortex 
sheets  shed  from  these  edges  can  be  determined 
at  the  local  body  section.  The  case  of  longitudi- 
nally slanted  trailing  edges  as  those  occurring  in 
various  species  of  fishes  has  been  discussed  by 
Wu  (1971),  Wu  & Newman  (1972).  They  further 
investigated  the  interactions  between  the  outboard 
vortex  sheets  and  the  body  of  finite  thickness 
(Newman  & Wu  1973,  Newman  1973),  finding  that 
quantitatively,  the  thickness  effect  appears  to  be 
small.  These  earlier  theories  are  all  based  on 
small -amplitude  slender-body  approximations. 

In  order  to  remove  some  inadequacy  and  lim- 
itations of  small -amplitude  theory,  Lighthill 
(1971)  developed  a large-amplitude  elongated- 
body  theory  by  extending  his  (1970)  physical  inter- 
pretation of  the  perturbation-theory  results,  using 
the  Lagrangian  description  for  the  body  motion 


and  considering  momentum  conservation  evaluated 
with  a time-varying  control  volume  whose  back- 
ward facing  surface  moves  and  rotates  with  the 
fish  tail. 

An  attempt  is  made  here  to  provide  a mathe- 
matical analysis  for  a direct  calculation  of  the 
flow  quantities  by  the  method  of  flow  singularities. 
Such  a theory  involving  vortex  sheets  shed  from 
fins  is  not  easy  to  develop,  so  this  preliminary 
study  is  still  limited  to  bodies  of  circular  cross 
sections.  The  first  example  is  a toroidal  ring, 
whose  relatively  simple  symmetry  in  shape  has 
enabled  us  to  obtain  a solution  accurate  to  a high 
order.  Guided  by  this  example,  a general  theory 
is  developed  for  a slender  flexible  body  performing 
a planar  motion  with  arbitrary  amplitude.  With 
special  reference  to  large-amplitude  motions,  it 
is  shown  that  the  effect  of  body  centerline  curva- 
ture gives  rise  to  a radial  force,  acting  on  the 
body  segment  in  the  direction  of  the  local  radius 
of  curvature  of  the  body  centerline.  This  'curved- 
flow1  force  is  primarily  due  to  a steady  Bernoulli 
effect  that  has  been  neglected  in  the  previous 
theories;  it  has  a magnitude  of  order  at  finite 
amplitude  and  vanishes  like  t with  diminishing 
curvature  k of  the  body  centerline,  i being  the 
small  slenderness  parameter.  The  inte raction  of 
this  curvature  effect  with  the  effect  of  unsteady 
motion  remains  to  be  further  explored. 

For  the  purpose  of  estimating  the  validity  of 
various  theories  as  well  as  their  underlying  as- 
sumptions, a set  of  experiments  has  been  carried 
out  to  measure  the  pressure  distribution  over  a 
slender  body  and  to  make  direct  flow  visualization 
over  a range  of  Reynolds  numbers.  Prelimi- 
nary results  are  reported  here  for  the  case  of  a 
model  whose  front  70%  is  nearly  the  same  as  a 
triaxial  ellipsoid  and  compared  with  theoretical 
predictions  of  the  exact  potential -flow  solution 
and  those  based  on  slender-body  theory. 
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2.  A toroidal  ring  moving  along  its  axis  of 

rotational  symmetry 

As  we  have  just  noted,  the  toroidal  ring, 
whose  every  meridional  cross  section  is  a circle 
like  that  of  a tore,  is  perhaps  the  simplest  of  all 
body  shapes  for  consideration  of  potential  flow  in- 
volving finite  curvature  of  the  body  axis.  Its  arbi- 
trary motion  through  an  ideal  (inviscid  and  incom- 
pressible) fluid  consists  of  three  components:  a 
translation  along  and  a translation  perpendicular 
to  its  axis  of  rotational  symmetry,  which  will  be 
called  the  longitudinal  axis,  and  a rotation  about 
an  axis  perpendicular  to  the  longitudinal  axis  and 
lying  in  a meridional  plane.  For  each  of  these 
component  flow  problems  to  be  discussed  presently, 
the  relatively  simple  symmetry  of  the  ring  shape 
renders  the  analysis  quite  readily  tractable,  and 
the  salient  features  of  the  solution  wil  clarify  the 
construction  of  solution  to  the  general  problem  of 
potential  flow  due  to  a flexible  slender  body  in 
arbitrary  unsteady  motion  of  finite  amplitude.  We 
shall  assume  that  the  flow  involves  no  circulation 
around  the  ring  by  going  through  its  aperture. 

We  first  consider  the  translational  motion  of  a 
toroidal  ring  moving  with  velocity  U (which  may 
depend  on  time  t)  along  its  axis  of  rotational  sym- 
metry, which  will  be  taken  as  the  x-axis  of  a 
cartesian  coordinate  system  (x,y,  z).  The  merid- 
ional cross  section  of  the  ring  is  a circle,  of  radius 
b,  with  its  center  located  at  (0,  a cos  9,  a.  sin  9), 
where  9 is  the  meridian  angle  and  a is  the  radius 
of  the  centroid  circle  (a  > b,  see  Fig.  1).  We  shall 
confine  ourselves  to  the  case  in  which  the  tore 
radius,  b,  is  small  compared  to  the  aperture  of  the 
ring,  i.  e.  b « a. 


i,2  4ar 
K ' 2 
r2 


r]  2 2 rl 

(■r1)  = 1 -k'  , k'  = — . (5) 

r2  r2 


The  expression  (4)  is  known  for  the  velocity  poten- 
tial of  a source  ring. 


The  velocity  potential  of  a doublet  ring  with  a 
uniform  line  distribution  of  doublets  oriented  in 
the  direction  of  the  x-axis  over  the  centroid  circle 
has  the  integral  representation 
1 2ir 


<p(x)  - Pa 


9x 


ft 


where  (3  is  the  uniform  doublet  strength  per  unit 
length  of  the  arc.  The  values  of  <p  can  therefore 
be  immediately  derived  by  differentiation  of  the 
ring  source  potential  <pg,  giving 

V = [j-  K(k)]  = - ^i^E(k).  (6) 

2 r2r, 

where  E(k)  denotes  the  complete  elliptic  integral 
of  the  second  kind,  and  in  obtaining  the  last  ex- 
pression in  (6)  use  has  been  made  of  the  relations 
given  in  (5)  and  the  formulas 

a|E(k)=I[E-K].(7) 

To  facilitate  our  evaluation  of  the  boundary 
condition  we  will  also  use  the  curvilinear  orthog- 
onal coordinate  system  (r.,9,i|*)  defined  by  (see 
Fig.  1) 

x = r,sin  i|i,  y = (a+r,cos  vj;)cos  9, 


As  a first  approximation  to  the  velocity  po- 
tential for  the  case  of  b « a,  we  seek  the  represen- 
tation of  a line  doublet  distributed  along  the  centroid 
circle,  with  all  the  doublets  pointed  in  the  x-di- 
rection  and  having  a uniform  strength  as  required 
by  the  flow  symmetry.  Such  a representation  is 
conveniently  derived  by  differentiation  with  respect 
to  x of  the  velocity  potential  of  a uniform  source 
ring  located  at  the  centroid  circle,  which  may  be 
expressed  as 


(a+TjCos  i)/)sin  9, 


(8) 


and  expand  the  expression  (6)  for  small  values  of 
r,/a  and  k'(=  r,/r2).  Thus  we  obtain  in  the 
neighborhood  of  the  toroidal  ring, 

rl  rl  r?  ? r,  , 

k'  = TX  cos*  + -V(3cos^  -D+CX-^V}. 


and 


(9) 


2it  , 

*.(»)  = ‘ if 


where 


R = { x2  + r2  + a2-  2«r  cos  (9-91)} 


\ 


(1) 


(2) 


2Psin4>  ,,  rlcos^  rl  r,  8a  . 3 

* = - { 1 — za~ + ^ log  T;  + 2 cos  2 


+ ] 


f3 

+ 0(4  log  -£-)}.  (10) 

a3  ri 


is  the  distance  between  the  field  point  x = (x,  rcosO, 
r sin  9)  and  the  source  point  jc'  = (0,  a cos  9' , a sin  9' ), 
and  m is  a constant.  If  we  denote  by  rj,  r£  the 
least  and  greatest  distances,  respectively,  of  the 
point  3C  from  the  centroid  circle,  or 


r2  = x2  + (r-a)2, 


r2  = x2  + (r  + a)2, 


(3) 


we  obtain,  after  some  simple  changes  of  the  inte- 
gration variable, 


If  we  denote  by  e x and  e the  unit  vectors  in 
the  directions  of  increasing  x and  rj  , respec- 
tively, the  boundary  condition  requiring  the  nor- 
mal component  of  flow  velocity  relative  to  the 
translating  toroidal  ring  becomes 

9x 


57,  = U-x’  sr,  1 U -§77  = U sln'*'  <rrb>- 


(11) 


f>TT  / 2 


<pg~  - 4m a 


d9 


[ r^-  4arsin29]  2 


4m  a 


K(k), 


(4) 


where  K(k)  denotes  the  complete  elliptic  integral 
of  the  first  kind,  with  argument  k,  and 


Application  of  this  condition  to  (10)  yields 
2 

U = ^§(1  - | d°8  f -1  +f  c°s  2 + HOU  3log«  )}, 
b (12) 


where 


« = b /a 


(13) 
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is  considered  to  be  small.  Since  the  order  «2  term 
in  (12)  depends  on  the  angle  41,  which  varies  from  0 
to  2ir  over  the  ring  surface,  the  doublet  strength  (3  is 
then  determined  up  to  this  order  term  as 

2 

(3  ’ S2{l  + |logi+0(«2)}  • (14) 

Strictly  speaking,  the  second  term  in  (14)  should  be 
combined  with  the  term  of  order  t ^ to  give  the 
error  of  order  c ^log  t with  respect  to  the  leading 
term  p = ^Ub2,  a result  which  then  agrees  with  the 
first  estimate  on  local  two-dimensional  theory 
(upon  substituting  this  p in  the  first  term  of  Eq. 

10)  as  would  be  expected.  In  order  to  improve  the 
solution  to  within  order  one  may  either  super- 
pose on  the  doublet  ring  a quadrupole  ring,  which 
by  implication  of  (12)  will  have  strength  of  order 
*4  with  respect  to  p,  or  equivalently,  have  the 
radius  of  the  doublet  ring  reduced  to  a smaller 
radius,  r = a(  1 -2«  2),  while  toroidal  ring  shape  re- 
mains the  same.  We  shall  not,  however,  pursue 
this  point  any  further  here. 

While  the  curvature  of  the  ring  centerline  has 
little  effect  on  the  value  of  p,  for  it  first  appears  in 
the  term  of  0(«2  log  « ),  its  effect  on  the  velocity 
field,  however,  arises  as  early  as  in  the  term  of 
0(«),  as  shown  by  the  second  term  on  the  right-hand 
side  of  (10).  Within  this  order  of  accuracy  the  local 
velocity  in  the  body  frame  of  reference  has  at  the 
torus  surface  the  value 


= e^U{-2cos4»  + jcos2iJ<+0(t  2log  c )}. 

(15) 

The  centerline -curvature  effect  is  thus  seen  to  in- 
crease on  the  aperture  side  and  to  decrease  on  the 
outward  side  the  magnitude  of  the  tangential  velocity 
at  the  torus  surface.  This  modified  velocity  field 
will  have  such  an  impact  on  the  pressure  distribu- 
tion and  sectional  force  coefficient  as  to  result  in  a 
new  feature  in  force  distribution  that  can  be  of  sig- 
nificance in  the  general  case  of  unsteady  flow  in- 
volving slender  body  motions  of  finite  amplitude. 

In  fact,  the  pressure,  p,  is  given  by  the  Bernoulli 
equation 
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ds  = bd tp  are  the  differential  arc  lengths  in  the 
directions  of  0 and  41,  respectively,  over  the  toroid 
surface.  The  result  of  integration  yields  for  the 
differential  force  per  unit  arc  length  of  the  centroid 
circle. 


dF 

37„ 


1 dE 
a de  ' 


,2  dU , TT  bc  rr2 

-SxwPb  dT  + Sr2pa_U  ’ 


(18a) 


where  er  denotes  the  unit  radial  vector  parallel  to 
the  plane  of  x = 0,  or 


e = e cos  0 + e sin  0.  (18b) 

— r — y ~z  ' ' 

Thus,  when  the  torus  accelerates  in  the  x-direction, 
every  segment  of  the  torus  experiences  a uniform 
drag  due  to  the  induced  mass  of  the  fluid  and  a uni- 
form outward  pull 


which  depends  on  the  instantaneous  velocity  U and 
vanishes  as  the  radius  of  curvature,  U , of  the  body 
centerline  becomes  infinite,  though  c?  g has  no  net 
resultant  for  the  whole  ring.  The  reason  for  the 
radial  force  3**r  pointing  outward,  rather  than  in- 
ward, is  because  the  lower  (negative)  pressure  on 
the  aperture  side  of  the  ring  acts  on  a much 
smaller  area  than  that  which  is  exposed  to  the 
higher  (but  still  negative)  pressure  on  the  outside 
equatorial  belt. 


Since  the  induced  mass  per  unit  arc  length  of 
the  ring  is  irpbZ,  the  total  induced  mass  of  the  ring 
is  therefore 

mj  j = 2ir2pab2.  ( 19) 

By  noting  that  the  total  doublet  strength  of  the  ring 
is  p,  = nab2u  and  the  toroidal  volume  is  V,  = 
2ir4tft>2,  the  above  result  can  also  be  obtained*  at 
once  from  G.  I.  Taylor's  theorem  that  relates  p^ 
and  to  the  flow  momentum  according  to 

I = 4^  - pVbU  = mnU.  (20) 

We  note  that  mjj  is  equal  to  the  mass  of  fluid 
displaced  by  the  toroid. 


3.  Translation  of  a toroidal  ring  in  its  own  plane 

Now  suppose  the  toroidal  ring  is  moving  in  the 
y direction,  with  velocity 


where  p is  the  pressure  at  infinity,  p the  con- 
stant flutfS  density,  and  the  time  derivative  of  <p  is 
evaluated  with  respect  to  the  body  frame  of  refer- 
ence. From  the  above  result  we  obtain  the  pres- 
sure distribution  over  the  toroid  surface  as 


P“P-*  JTT 

= b sin  4<(  l-j  cos  4 ) 

2 1 2 

+ U (y  - 2 COS  4>  +<  COS4>  COS  241),  (If) 

which  has  an  error  of  0(«2log  < ).  The  contribu- 
tion of  this  pressure  to  the  differential  force  acting 
on  a meridional  segment  of  the  toroid  subtending  a 
differential  angle  d0  about  0 is  given  by 

dF  = - y pndS  = -bd0  ^ pgr  (a  + b cos  4i)d4i, 
o 


since  the  unit  vector  normal  to  the  toroid  surface 
ii  n = e , an<*  ^80  = (*  + k cos4/)d0  and 


U = V(t)e  = V(t)(e  cos  0 - gflsin  0),  (21) 

y -r  ^0 

where  gr  and  are  unit  vectors  along  the  r 
and  0 coordinates,  respectively, 

e = e cos  0 + e sin  0,  e = e cos  0 - e sin  0. 
r ~y  — z — s — z -y 

(22) 

The  boundary  condition  that  the  velocity  has  no 
normal  component  relative  to  the  moving  toroid  re- 
quires 

£ri=  Vcos4<cos0  (rj=  b). 

(23) 

For  the  solution  of  <p  we  seek  again  the  repre- 
sentation of  a doublet  distribution  along  the  centroid 
circle  at  r - a . Since  the  undisturbed  flow  rela- 
tive to  body  sections  has  both  normal  and  tangen- 
tial components,  both  of  which  vary  from  one  body 
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section  to  another,  we  shall  assume  that  the  doub- 
let strength  (per  unit  arc  length),  J3,  has  also  both 
normal  and  tangential  components  in  order  to 
account  for  the  sectional  variations  of  the  flow, 
that  is 

P(6)  = erPn(0)+£0Ps(e)  (O«0£2ir).  (24a) 


a.  P + 2p 

ff  “Cos  0{-  — 5.  [ i +0(t  log  €)] 

+ ^cos4,[l  + |(j)2(log^-  ^)+at3log  *)]}  , 

b 


In  fact,  it  turns  out,  as  can  be  verified  k posteriori, 
that  8<p/9rj  will  not  satisfy  at  rj  = b the  speci- 
fied dependence  on  i)j  and  0 as  prescribed  in  (23) 
unle  s s 

Pn(®)  = Pncos  e>  Ps(6)  = Pssin  (24b) 

with  p and  Pg  being  two  constants,  which  we 
now  assume. 


The  velocity  potential  can  then  be  written  as 


cp(x) 


P(0')  • (X  - X') 


•d0' 


(25) 


where  R is  given  by  (2),  and  x,  x)  are  also  there 
defined.  With  the  above  form  of  p,  we  have 


p- (x-x1 ) = Pncos  0'[  r cos(0-0')- a]  +pgr  sin0'sin(0-0'). 

and  accordingly,  after  some  simplification  and  in- 
tegrations by  parts, 

r" 


2 COS  0 I /n  . -»o 

<p  = — r l-(P  + 2P 


cos  20d0 
[ l-k2sin20]* 


2ap 


“(2i+r-^ 


TT  /2 


cos  20d0 


r , , 2 . 2 3 / 2 

l 1 -k  sin  0] 


} , 


(26) 


r,,  r^  are  defined  by  (3)  and  k by  (5) 
integrals  can  also  be  expressed  in  term 


where 

These  integrals  can  also  be  expr 
the  complete  elliptic  integrals  as 


rms  of 


V = 1^{(Pn+2Ps)[<4-l)K  -4E1 


-P(l+  2a^°--^[  A “BE  - 2(i~)2K  ] } , (27) 


where  e = b ta.  . In  order  that  condition  (23)  is 
satisfied,  we  must  therefore  have 


Ps  = ' 2 Pn’ 


(29) 


Pn^^1-^10*!4-^-  (30) 


From  (24b)  and  (30)  we  see  that  the  leading  term 
of  the  normal  component  of  the  doublet,  namely 
P = \ b^V  cos  0,  would  again  be  as  expected  from 
local  two-dimensional  theory;  its  actual  strength, 
as  indicated  by  (30),  is  slightly  reduced  under  the 
effect  of  curvature  of  the  centroid  line.  It  is 
further  of  interest  to  observe  that  a tangential 
component  of  doublet  distribution,  with  strength 
given  by  (29)  and  hence  being  of  the  same  order 
as  p , is  required  so  that  the  local  source -like 
term^the  first  term  on  the  right-hand  side  of  (28) 
can  be  annihilated.  Thus  (28)  becomes,  for 
r j IQ.  « 1 , 

2 cos  0,  , . r 1 . 2 , 

ip  = - Vb  ( cos  ib  + ■=—  sin  ib 

rj  1 ^ 2 a ^ 

- §•  <4)2  (log  + f)  oos ijj 

- | (|)2(log  ^-|)cos4'+°(t3log  e)}  ’ (31) 

where  ( = b /a  . It  then  follows  that  the  flow  ve- 
locity at  the  toroid  surface  has  in  the  body  frame 
of  reference  the  value 


3*b  = 


9(<P-Vy),  r i 3(9- Vy) 

b 9t(j  —0  (&+bcosi|/)  90 

(rj  = b) 


in  which  the  elliptic  integrals  K and  E have  the 
argument  k. 

In  the  vicinity  of  the  toroid  surface,  where 
r ,/a  and  k’  are  small,  expansion  of  (27)  together 
with  use  of  (9)  yields 

2|3s  „ 8a  .^,rl  , 4„ 

V = cos  0{ g [log  — - 2+0(—  log  — )] 

r,  rj 

A 

- [cosij;  + sin2ip  -|<y)2(log|^  + f ) cos  ^ 

3 

+ 0(-ilog  fj-)]}  . (28) 

From  this  expression  we  derive  at  once  the  nor- 
mal component  of  the  velocity  at  the  toroidal  sur- 


3 2 8 1 

= 2V  e^cos  0 sin  ip  [ l + ^-cositi+'g-e  (log  — + y)] 

12  2 3 

+ V e^sin  0[l+«cosi(<  + ^e  (1-3  cos  i(j))+  OU  log  € ). 

(32) 

The  pressure  distribution  over  the  toroid  sur- 
face can  be  calculated  by  using  (16)  in  which  U is 
to  be  replaced  by  V,  u?  = u^  • u^,  with  u^  given 
above,  and 


& = $>!?  <ri  = b>-  (33) 

with  if  given  by  (31).  Using  this  pressure  we 
obtain  the  differential  force  per  unit  arc  length  of 
the  centroid  circle  as 
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_ bf 

ds„  " ' a J 


p ^ ( a + b cos  i|>)d4/ 

”rl 


, 2 dV  . , b2  2,  , 1 2., 

“ S-r^Ph  dt  cos  6 + £rlrpJ  V t1-?008  eJ- 


of  which  the  error  is  of  0(t  log  c ).  The  first  term 
on  the  right-hand  side  shows  that  the  sectional  in- 
duced mass  is  again  irpb^  if  referred  to  the  nor- 
mal component  of  the  local  acceleration.  In  addi- 
tion, the  curvature  effect  again  results  in  an  out- 
ward traction  which  now  depends  on  the  meridian 
angle  0,  but  has  no  net  resultant  due  to  the  obvi- 
ous flow  symmetry.  Finally,  upon  integ ratio  of 
the  differential  force  we  obtain  for  the  total  force 
acting  on  an  accelerating  ring  the  value 

P 2r  dF  - y Jy 

1 = 3 H7oad0= -V  p*b  ar  ■ (35) 

0 


and  hence  the  induced  mass  of  the  ring  in  this  case 


m22  = m33  = 17  Pab  = 2 mll’  (36) 

which  is  equal  to  half  of  the  mass  of  fluid  dis- 
placed by  the  toroid.  We  further  note  that  both 
J3  and  jg  contribute  to  the  resultant  doublet  of 
tlie  body,  say  Pjj,  since 

gb=aj’  JJde  = w«(Pn-Pg)Sy  = |irab2Vey  (37) 


after  making  use  of  (29),  (30).  This  resultant 
doublet  of  the  ring  determines  the  asymptotic  flow 
field  at  large  distances  from  the  ring.  With  this 
value  of  (3^,  m2 2 can  also  be  readily  obtained 
from  an  equation  analogous  to  (20). 

4.  Finite -amplitude  motion  of  a flexible  slender 
body 


from  the  anterior  tip,  and  f is  the  body  length. 
The  parametric  functions  will  be  assumed  twice 
continuously  differentiable  in  s and  t.  This 
motion  may  be  either  generated  by  an  extraneous 
agency,  or,  in  self-swimming  animals,  due  to 
swimming  actions  and  the  resultant  fluid  action, 
including  involuntary  recoils.  The  body  center- 
line  will  be  assumed  to  be  inextensible  so  that 

<if>2  + (^>2  = <39> 

Under  this  condition  the  unit  vectors  tangential 
and  normal  to  the  body  centerline  can  be  written 


= 0) 
'as  ’ a8’ 


e = (■&  - i*  0) 

5n  'as  ’ as  ’ ’’ 


so  that  (e  , e , e ) form  a right-hand  system  of 
orthogonafVec^ors^  and  the  centerline  has  the 
instantaneous  radius  of  curvature  lal  where 


*<*-*>-<7*S  -7!  <«> 

as  as 

The  center  of  curvature  of  the  line  at  station  s 
lies  on  the  positive  (or  negative)  side  of  the  n-axis 
if  <2  is  negative  (or  positive),  as  shown  in  Fig.  2. 
(The  present  sign  convention  is  adopted  in  order 
to  make  direct  comparison  with  the  results  of  the 
torus  problem.  ) The  velocity  of  the  centerline  in 
planar  motion  is  given  by 

U(s,t)  = (|p  , |£,  0),  (42) 

which  can  be  arbitrarily  assigned  provided  it  will 
always  keep  the  radius  of  curvature  1 a.  I large 
compared  to  the  local  body  radius  b and  it  satis- 
fies the  inextensibility  condition  (39)  for  all  t,  or 
e • 9g  / dt  = 0-  As  in  our  discussion  on  the 
problem  of  torus,  it  is  convenient  to  decompose 
1J  into  the  components  normal  and  tangential  to 
the  body  centerline, 

U(s,t)  = Ug(s,t)  eg  + U (s,t)  en,  (43a) 
whe  re 


As  a typical  case  of  the  undulatory  motions 
that  most  elongated  aquatic  animals  make  to  propel 
themselves  through  water,  especially  when  the 
viscous  effect  is  unimportant  except  in  drag  calcu- 
lations, we  consider  the  potential  flow  generated 
by  a flexible  slender  body  moving  in  an  arbitrary 
manner  through  an  ideal  fluid  originally  at  rest. 

For  simplicity  we  assume  that  the  body  has  circu- 
lar cross  sections,  of  local  radius  b(s)  where  s 
denotes  the  arc  length  along  the  body  centerline 
and  the  body  may  perform  a planar,  but  otherwise 
arbitrary  motion.  Thus  the  present  case  is  more 
relevant  to  anguilliform  motion,  but  the  method 
would  also  be  akin,  with  suitable  extensions  of  the 
theory,  to  studies  on  carangiform  propulsion 
(though  such  extensions  are  not  included  in  this 
paper). 

Large -amplitude  motions  of  the  slender  body 
in  the  plane  say  z = 0 can  be  generally  described 
in  the  parametric  form 

x = x(s,t),  y = y(s,t)  (0<s<l), 

(38) 

which  specifies  the  instantaneous  position  of  a 
point  on  the  body  centerline  at  an  arc  length  s 


IT  — — XT  - — §Z  — 

s at  as  9t  as  1 n at  as  'at  9s' 

(43b) 

For  the  velocity  potential  we  seek  again  the 
representation  of  a line  doublet  distributed  along 
the  body  centerline  from  s = 0 to  f and  moving 
with  it  for  all  t.  The  unknown  doublet  strength 
(per  unit  length  of  s)  will  also  be  decomposed, 
for  the  convenience  of  calculation,  into  the  normal 
and  tangential  components 

P = Pg(s,t)  eg  4 Pn(s,t)  en  ( 0 < s < I ). 

(44) 

In  case  the  body  end  is  blunt,  a more  accurate 
account  of  the  local  flow  requires  the  doublet  line 
to  start  from  a point  (s  = 0)  at  a short  distance, 
of  the  order  of  the  radius  of  curvature  of  the  body 
surface  at  the  end,  from  the  body  end,  but  this 
feature  is  already  known  (e.  g.  Wu  & Chwang  1974) 
to  be  of  secondary  importance.  There  is  no  need 
to  include  in  the  construction  of  solution  an  addi- 
tional line  source  since  Ps>  the  tangential 
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component  of  the  line  doublet,  is  easily  seen  (by 
integration  of  the  integral  representation  (45)  by 
parts)  to  be  equivalent  to  a line  source  distribu- 
tion. The  velocity  potential  can  then  be  expressed 
as 


x = [r  jCos  i)j.  0,  rjsin^], 

x'=[-a(l  - cos0),  #sin0,O],  (49) 


</>(x.  t) 


P(s,  t)  • (x  - x' 


- ds. 


(45) 


where  the  square  brackets  denote  the  components 
of  a vector  with  respect  to  the  system  [ £,  q,  £]. 
Also  we  have 


where  x'  is  a point  on  the  centerline  prescribed 
by  (38)  and  R = |x  - I . The  doublet  strength 
P is  to  be  determined  by  applying  the  boundary 
"condition 


e (0)  = [ cos  0,  sin  0,0], 


It  therefore  follows  that 


eg=  [ -sin  0,  cos  0,  0]. 

(50) 


[ V?-U(s,  t) ] - v(x,  t)  = 0 (x  on  S(s,t)l  (46) 

where  v;(x,  t)  denote  the  normal  vector  of  the  body 
surface  at  station  s,  at  which  the  body  cross 
section  is  assumed  to  remain  circular  (for  every 
s)  and  its  boundary  is  denoted  by  S(s,t).  Since 
we  have  assumed  that  the  local  radius  of  curvature 
of  the  centerline,  a(s,t)  (see  Eq.  41),  is  large 
compared  to  the  local  cross  sectional  radius,  b(s), 
the  velocity  of  the  local  body  surface  S(s,t)  is 
well  approximated  by  the  velocity  y(s,t)  of  the 
body  centerline. 

To  effect  our  calculation  for  invoking  the  re- 
quired boundary  condition,  we  evaluate  the  asymp- 
totic representation  of  <p(x,  t)  for  in  the  vicin- 
ity of  S(s,t)  by  first  decomposing  the  integral  in 
(45)  into  three  parts 


R = |x-x'  | = [ r j + 2a(a  + rjcosi|j)(l-cos0)]s, 

(51) 


and 


J3*  (x-x1)  = -Pn[  (a  + r.cos  + )(l  - cos0)-rjcos4j] 


-Pg(a+  rjCosi|>)sin  0 


2 2 


R -r 


= -Pn[-2^— - ricos4'] 


-Pg(£+rjCOs4i)sin0 


(52) 


<P  = - 


= V>1  +<P0+<I>2, 
(47) 


Upon  substituting  (51)  and  (52)  into  the  integrand 

of  <p  , we  have 
o 


V 


o 


P • (X-  X') 


d0 


where  s is  the  value  of  s determined  in  such  a 
way  that'lhe  plane  containing  the  vector  5n(sQ,t) 
and  parallel  to  the  z-axis  (hence  perpendicular  to 
jj  (s  ,t))  also  contains  the  specific  point  x.  in 
question,  and  the  range  2c  of  the  integral  tp 
will  be  chosen  such  that  b « c « (a or  l ).  Tins 
choice  implies  that  within  the  range  of  integration 
for  <p  , the  centerline  curvature  will  not  have  any 
signiffcant  departure  from  its  value  at  s , and 
this  segment  of  body  would  therefore  behave  like  a 
segment  of  the  torus  discussed  previously.  The 
location  of  sq  is  assumed  to  be  sufficiently  far 
from  either  end,  and  the  end  solution  is  not  further 
pursued  here. 

Of  the  three  parts  of  <p,  <p  is  the  most  im- 
portant since  both  <p  j and  <*>-  cannot  make  more 
than  a minor  contribution  to  the  value  of  <p  on 
account  of  the  greater  distances,  from  s , of  the 
doublets  that  represent  <p , and  <*>..  To  facilitate 
the  calculation  of  <?  , we  introduce  a local  system 
of  cartesian  coordinates  (£,q,£),  with  the  origin 
at  s , the  g-  and  q-axis  coinciding  with  5 and 
e ai  a , respectively,  and  v.'th  ^ - z.  We  shall 
afso  employ,  alternatively  for  convenience,  a sys- 
tem of  curvilinear  coordinates  ( r | , vp . 0)  defined  by 

rjM^+t2)*.  + = -V  ad- 

(48) 

Note  that  0 is  in  the  same  or  opposite  sense  to 
that  of  s according  as  CL  > 0 or  CL<  0.  When 
expressed  in  terms  of  these  coordinates,  we  have 


1 7 f° 

= -(flrjcos*  + 2 rj)J  —y 
-a  R 

+r(ia+dv0  [p«(e)  r i53  i 
J 'zVit’r  ■ — ’ (53a) 

-a  - J-a 

in  which  the  integral  with  Pg  has  been  integrated 


by  parts,  and 
q = c / a « 1 


(53b) 


by  assumption.  Since  0 is  small  within  the  range 
of  integration,  we  may  expand  (1  - cos  0);  P (0) 


and  Pg(0)  for  small  0, 


(1  - cos  0)  = y (1  - 02  + ...  ), 


1 „2„ 


Pn(0)  = Pn(0)  + 0P;  (0)  + f 0fcPn(O)  + 


with  a similar  equation  for  P (0).  Here  the 
primes  over  P denote  differentiation  with  respect 
to  0.  Obviously,  the  terms  0P[j  (0)  and  0p"  (0)  in 
these  expansions,  being  odd  in  0,  have  no  lontrl- 
bution  to  the  integrals  in  (53)  since  R is  even  in 
0.  Thus  we  see  that  the  error  committed  through 
neglecting  the  second  and  higher  terms  in  the  above 
expansions  will  introduce  a factor  [ 1 + Ofa^log  a)] 
to  the  final  result  so  obtained  (the  additional  factor 
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log  q in  the  order  term  arises  from  the  integral 
of  R"1).  Accordingly,  we  need  to  be  concerned 
only  with  the  following  two  integrals 


■.-nt-  ‘.■y 


u de 

a * 


where  R^  = [ r2  + a2(l  + -jpcos4j)02]2. 


(54a) 

(54b) 


These  elementary  integrals  can  farther  be  expand- 
ed for  small  values  of  Tj/c  where  rj  is  suffi- 
ciently close  to  the  body  so  that  Tj  = O(b),  giving 


X1  = l(1  + IT  cos,(')"J  (log  fyd  + ^cos+P  + Ot^)2} 


= | {log  |£.  + 0(^-  log  -£-)),  (55a) 


i,=  -T-U+  I-cos+)'‘  {l  + o(^-)2  > 

*ri 


rl  rl  2 

U - YZ  cos4,  + °{'P’)  > 


!i'2 

c 


(55b) 


The  order  term  in  (55b)  will  hold  provided  (rj/c) 
is  of  a higher  order  than  (rj  la.).  By  a similar 
expansion  procedure,  the  last  term  in  (53a)  becomes 
-2dPg/ds  evaluated  at  s . We  then  see  that  in  the 
leading  terms  of  these  expansions,  only  the  first 
term  of  Ij  depends  on  the  limits  of  integration 
involving  c,  whose  value  is  no  more  precisely 
prescribed  than  by  its  order  of  magnitude  only. 

This  somewhat  indefinite  (constant)  term,  namely 
log  c,  is  expected,  in  principle,  to  be  cancelled  out 
when  the  asymptotic  expansions  of  and  <p7  are 
combined  with  that  of  <p  in  the  final  account  tor  i/>. 
Although  such  expansions  of  </> ^ and  <p7  require 
the  prescription  of  the  velocity1  U(s,t)  of  the  entire 
centerline,  the  fact  that  both  ^""and  exist  at 
the  origin  of  (£,r|,  £)  and  are  regular  in  its  neigh- 
borhood may  be  used  to  infer  that  for  small  values 
of  tj/c  and  |s  - sq|  /c, 

= § (Aq+  -^-(AjCOSi)/  + A2sinv)/)  + 0(-^)2}  , 

(56) 

and  a similar  expansion  holds  for  <p7,  where  the 
coefficients  Aq,  Aj,  and  A^  may  aepend  on  c, 
and  are  of  order  log(c/f  ).  Here  p represents  a 
bound  estimate  of  £(s)  over  the  centerline;  the 
factor  (p/c)  and  the  order  estimates  of  A , A., 
and  A,  can  be  obtained  by  an  approximate  evaluation 
of  the  lengths  involved  in  the  integrand  of  <pj  and 

The  foregoing  argument  is  nevertheles*s  suffi- 
cient for  the  doublet  strength  to  be  determined  to 
its  leading  order. 


Compiling  the  asymptotic  expansions  for  the 
various  terms,  we  have 

” = [^n+  25fPs<8>]U°8^+B0+0(^-log  £-)) 

(57) 

- 2Pn  cos4i  + ^ sin2*),  + Bj+  0(_^iog  ^ )}  , 

1 c 
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where  B and  Bj  may  depend  on  c and  s,  with 
their  magnitude  estimated  to  be  of  order  log(c/<X 
but  are  independent  of  rj  and  41.  Here  the  sub- 
script of  s has  been  dropped  as  understood. 

Now,  sincethe  body  surface  at  station  s,  at  which 
Tj  = h(s),  has  the  normal  vector  given  by 

v = e - e db/ds 
~ s 

= e.cos  i|/  + e,  sin  Oj  - e db/ds,  (58) 

“5  -p 


the  boundary  condition  (46)  becomes 

(r, 


If 


which  is  satisfied  by  (57)  if 
Pn  = TUn<8’t)b2(s>’ 


db 
s ds 


b). 


(59) 


'■*'bS  -Ti 


(60) 


with  a relative  error  of  order  (b/a  )log  (f/b).  Thus 
the  local  flow  field  is  represented  by  a normal 
doublet,  of  strength  ^ U b2  as  predicted  on  two- 
dimensional  theory,  plus  a source  of  strength 
Usbb'  as  in  the  small-amplitude  slender-body 
theory,  while  the  centerline -curvature  effect  re- 
mains the  same  as  in  the  flow  past  a torus. 

In  this  course  we  have  just  proved  the  fol- 
lowing: 


Theorem  I.  For  an  elongated  flexible  body 
having  circular  cross-sections  of  radius 
b(s),  which  varies  continuously  with  the 
arc  length  s measured  along  its  inex- 
tensible  centerline  whose  motion  through 
an  incompressible,  inviscid  fluid  origi- 
nally at  rest,  is  prescribed  over  a time 
range  of  l ’_y  arbitrary  single -valued 
functions  x = x'(s,t),  y = y'(s,t),  and 
z = 0 for  every  point  on  the  centerline 
such  that  its  radius  of  curvature,  |&|  , 
is  large  compared  to  maximum  b,  the 
velocity  potential  of  the  resulting  poten- 
tial flow  is 


t t)=  C*  ^2.  Is 
~ J 9s  R 


-J  [(x-x')-^- -(y-y')|f']  ^5  ds  (I) 
_ R 


where 

R(x;s, t)  = [(x-x'  )2+  (y-y1)2  + z2]*  , 
ap 


^n(8*t)=iUnb2. 


s 1 IT,  db  1 n 

9i“~2Usb37-2£  Pn’ 


U = f£\ 

tt  9x1  dx'  i &y1 

s"  at  as  at  as  • 
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and 


a = ( 


32y'  3x'  9Zx'  3y'  t-l 


8s2  9s 


3s  ds 

Proof:  The  proof  is  almost  immediate  upon 

noting  that 

r(x-x’)  = M (*-*'>  if--  <y-y,>l!,]-Ps-7^R2] 


followed  by  integrating  the  term  with  (3g  in  the 
integral  representation  (45)  by  parts,  assuming 
that  the  tangential  doublet  strength  Pg  vanishes 
at  s = 0 and  i,  which  is  valid  for  the  end  with 
paraboloidal  or  less  blunt  shapes  (see,  e.  g.  Wu 
k Chwang,  1974).  The  conditions  p (0)  = 0 and 
p (f  ) = 0 are  in  fact  required  by  the  condition  on 
zero  total  source  strength  for  closed  bodies. 

The  above  solution,  (I),  of  <p  is  uniformly 
valid  throughout  the  flow  field,  and  is  accurate 
with  a relative  error  of  order  (h/a.  )log(f  /b). 

5.  Experiments  on  flow  past  slender  body 


</>(x)  = - 2it&j  a2  ^ 


du 


, {&.  + u )A(u) 

\ l 


for  the  ellipsoid 

3 2 

s (x./a.r  i ( Qj  > clz  > a3) 


i=  1 


(61) 


(62) 


whe  re 

p.  = U.  / [ 2tt ( 2 - a.)  J (i  - 1,2,  3), 


ai  = a\  Q2  a3  y 


du 


Q ( <2.  + u)A(u) 


(63) 


(64) 


A(u)  = [ ( <2^  4 u)U2  + u)(02  + u)p. 


(65) 


Experimental  measurement  of  the  pressure 
distribution  over  the  surface  of  a slender  body 
moving  through  a fluid  (at  high  Reynolds  number) 
is  recognized  as  a difficult  task,  especially  in  the 
case  when  the  body  performs  an  unsteady,  undu- 
latory,  flexible  movement,  and  when  the  body  is 
appended  with  side  and  tail  fins  like  a fish.  As  a 
consequence,  there  has  been  no  existing  experi- 
mental results  (known  to  the  authors)  reporting 
data  on  velocity  and  pressure  distributions  in  un- 
steady flow  past  a slender  body  of  this  type.  Such 
experimental  information  is  regarded  as  extremely 
valuable  and  necessary  for  providing  a sound  basis 
of  estimating  the  validity  of  the  simplifying  as- 
sumptions that  underlie  various  theories,  as  well 
as  a reliable  reference  against  which  an  error 
estimate  can  be  obtained  for  different  theoretical 
predictions. 

For  these  purposes  a series  of  experiments 
has  been  started  and  is  being  carried  out.  For 
the  experiments  in  the  first  stage,  which  is  de- 
voted to  the  rigid  body  case,  a model  whose  front 
70%  of  body  is  almost  the  same  as  a triaxial 
ellipsoid  of  axis-ratio  1:0.287:  0.179  was  (see 
sketch  in  Fig.  3)  selected  as  a representative  body 
shape,  to  which  fins  of  various  forms  can  be 
appended  in  a later  stage  of  work.  This  model 
thus  seems  to  include  most  of  the  important  as- 
pects to  be  investigated,  leaving  the  body  flexi- 
bility as  the  only  new  feature  to  be  included  at  a 
later  time.  In  order  to  make  comparison  between 
theories  and  experiments,  the  exact  solution  to 
the  corresponding  potential  flow  problem  and  the 
prediction  on  classical  slender-body  theory  have 
been  obtained,  which  will  be  briefly  described  be- 
low. 

5.  1 . Exact  pctential-flow  solution  for  triaxial 
ellipsoid 


and  X is  the  largest  root  of 

* 2 
3 x. 

2 — k 1.  (66) 

i = i a + x 

i 

This  representation  has  been  used  to  calculate  the 
velocity  u,  Xt p,  and  the  pressure  from  the 
Bernoulli  equation.  When  the  flow  quantities  are 
evaluated  on  the  body  surface  there  remains  only 
one  integral  to  be  calculated,  namely  a..  Though 
this  integral  may  also  be  expressed  in  terms  of  the 
incomplete  elliptic  integrals  of  the  first  and  second 
kind,  in  the  calculations  made  here  it  was  com- 
puted numerically  on  an  IBM  370/158  computer, 
using  Simpson's  rule. 

5.  2.  Pressure  distribution  based  on  slender-body 
theory 

We  consider  a slender  fish-shaped  body 
swimming  with  a mean  forward  velocity  U in  the 
negative  x-direction.  The  body  has  a symmetric 
thickness  function  g(x,  y)  measured  from  its 
centerplane;  its  transverse  undulation  from  the 
mean  forward  direction  is  prescribed  by  h(x,  t) 

(see  Fig.  3).  The  coordinate  system  is  fixed  on 
the  stretched-straight  body  centerline  and  is  mov- 
ing with  the  body.  According  to  Lighthill's  theory 
(1960),  the  velocity  potential  may  be  expressed  in 
the  body  frame  of  reference  as 

® Ux  + 4>o  + fcj  (67) 

where  Ux  + $ is  the  solution  of  the  so-called 
stretched-straight  problem  (with  h s 0),  and  $ 
is  the  solution  to  the  remaining  problem.  The 
stretched-straight  problem  is  now  classic  and  will 
not  be  repeated  here. 


The  exact  solution  to  the  velocity  potential 
of  a triaxial  ellipsoid  in  arbitrary  translational 
and  rotational  motions  through  an  incompressible, 
inviscid  fluid  of  infinite  extent  has  been  known 
(see  e.  g.  Havelock  1931)  and  can  be  expressed  in 
a variety  of  forms  (Wu  k Chwang  1974).  For  the 
convenience  of  numerical  computation,  we  adopted 
the  following  integral  representation  of  the  velocity 
potential 


The  latter  problem  for  is  a two-dimen- 
sional problem  in  the  cross  flow  plane  and  can  be 
solved  by  using  the  complex  potential,  f ( t, ) , where 
t,  - y + iz  (Newman  k Wu,  1973).  For  the  case  of 
no  vortex  shedding  anterior  to  the  tail, 

f<y  = iV[(T,2  - pV  - t,  - co(x)]  (68a) 
where. 
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V(x,  t)  = + U . (68b) 

If  the  body  cross  section  is  now  assumed  to  be 
elliptic, 

g(x,y)  = Vb2(x)  - y2  (69) 

and  ~ p 

P = A+B,  4c  = B - A (70) 

- . — an 

; + V;2  - 4^2 

where  r|  = r)  + ir|.  is  the  complex  plane  in  which 
the  elliptic  cross  section  is  mapped  conformally 
into  a slit  along  the  r)  axis  from  - p to  + p. 

The  flow  velocity  and  the  pressure  can  be  com- 
puted from 

= Re  { f<£)  } . (72) 

Pressures  calculated  in  this  way  are  compared  to 
the  pressures  computed  from  exact  potential  flows 
over  ellipsoids  translating  at  a constant  angle  of 
attack  (Fig.  4). 

5.  3.  Experimentally  observed  pressures 

The  fish  model  was  constructed  of  two 
fiberglass  halves  each  made  from  the  same  mold, 
and  of  dimensions  taken  from  a chinook  salmon. 
The  resulting  rigid  model  was  closely  elliptical  in 
body  cross  section,  with  major  and  minor  axes 
given  by  B(x)  and  A(x)  respectively.  A least 
square  curve  fit  was  made  to  these  functions,  using 
a fifth  order  polynomial,  for  use  in  calculating  the 
pressures. 

The  model  was  towed  down  a twenty-five 
foot  long  towing  tank,  using  a variable-speed 
central  motor  to  drive  an  overhead  carriage.  The 
carriage  accelerated  quickly  and  reached  a steady 
speed  within  3 or  4 feet  of  its  starting  position  and 
remained  constant  for  the  length  of  a run  (10-15 
feet).  A supporting  strut  and  sting  assembly  was 
used  to  suspend  the  model  from  this  carriage,  and 
was  capable  of  varying  the  angle  of  attack. 

Miniature  flush  mounted  pressure  transduc- 
ers were  used  at  the  outset  of  the  experimental 
investigation.  In  order  for  the  units  to  be  mounted 
Inside  the  model,  water  proofing  and  miniature 
size  (1/8  inch  diaphram)  were  needed.  A high 
sensitivity  of  about  20  mm  H^O  full  scale  was 
needed  and  obtained  with  the  aid  of  high  gain  car- 
rier amplifiers  and  piezoresistive  (semiconductor 
strain  gage)  pressure  transducers.  The  accuracy 
of  these  transducers  in  measuring  pressure  was 
found  to  be  greatly  influenced  by  heat-conduction 
and  forced  convection  effects  when  the  model  was 
towed  through  water.  Since  we  were  already 
pushing  the  sensitivity  of  the  units  and  because  of 
the  complex  gage  geometry,  these  anomalies  were 
unable  to  be  overcome,  and  we  are  now  using  re- 
mote variable  reluctance  transducers  with  fluid 
filled  tubes. 

The  output  of  these  transducers  is  then 
monitored  on  an  eight  channel  thermal  writting 
Sanborn  recorder,  and  a calibration  was  done  at 
the  end  of  each  test.  Direct  measurements  of  the 
pressure  difference  across  the  body  were  made 


and  thus  eliminated  the  need  for  a reference  pres- 
sure. 

Some  preliminary  results  of  these  experiments 
are  shown  in  Fig.  5 for  several  different  locations 
on  the  model.  The  slight  negative  pressure  at  zero 
angle  of  attach  may  be  explained  by  the  difference 
in  tank  boundaries.  The  lower  side  is  a solid  sur- 
face while  the  upper  side  is  a free  surface,  and 
blockage  effects  indicate  an  asymmetry  in  the  zero 
angle  of  attack  case  similar  to  those  observed. 

For  comparison,  the  pressures  calculated 
from  slender  body  theory  (Section  5.  2)  and  from 
exact  potential  theory  (Section  5.  1)  are  also  plotted 
in  Fig.  5.  For  the  exact  solution,  an  ellipsoid 
was  chosen  with  axes  equal  to  those  of  the  maxi- 
mum cross  section  of  the  model.  This  resulted 
in  a good  fit  to  the  body  in  the  midsection  but  devi- 
ated from  the  body  shape  in  the  nose  and  tail 
regions.  This  body  shape  is  expected  to  give  rea- 
sonable results  away  from  the  body  ends  since 
ACp  depends  only  on  the  local  shape  of  the  body. 

These  preliminary  results  are  all  for  the 
steady  flow  situations.  Unsteady  flow  measure- 
ments are  more  difficult  and  are  currently  being 
considered.  Although  unsteady  motions  can  be 
studied  with  such  a rigid  model,  body  curvature 
effects  cannot.  A truly  flexible  model  has  been 
made  available  to  us  for  future  investigations  in 
this  area. 
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Fig.  4a. 


Fig  1 : The  coordinate  systems  for  the  toroidal  ring 
problem. 


Fig.  2 : The  coordinate  systems  for  a curved  slender  body. 


Fig.  4b. 


Fig.  4:  ACp  is  plotted  over  a given  cross  section  at 

several  positions  along  the  body,  for  two  different 
theories.  The  angle  of  attack  is  5 degrees  and  the 
y-axis  is  scaled  by  the  maximum  body  extent  at 
that  cross  section,  (a)  spheroid,  o,  - 1.0,  a,  = a,, 
' 0.2868.  (b)  ellipsoid,  a,  = 1.0.  a,  = 0 2868.  ancl 
a,  = 0.1787.  2 


Fig.  3:  Illustration  of  body  geometry  and  coordinate 
system  used. 


Si« 
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Fig.  5a. 


Fig.  5b.  (b) 


Fig.  S:  ACp  as  a function  of  angle  of  attack  for  model  of 
slenderness  ratio  r.  = 0.287.  (a)  a position  7.2 
inches  from  the  nose  and  on  the  lateral  body 
centerline  (y  = 0).  (b)  a position  3.45  inches 
from  the  nose  on  the  lateral  body  centerline 
(V  = 0). 
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ON  THE  VIRTUAL  MASS,  AT  LONG  WAVELENGTHS, 
OF  A HALF-IMMERSED  CIRCULAR  CYLINDER 
HEAVING  ON  WATER  OF  FINITE  DEPTH 

V SA\  \ R Hid  I ( RSI  I I 

l imcr\it>  of  Manchester.  I k 


The  virtual-mass  coefficient  (henceforth  abbreviated  as  V.M.)  of  a heaving  circular  cylinder  de- 
scribes the  force  due  to  the  dynamic  pressure  component  in  phase  with  the  acceleration.  The  V.M.  of  a 
circular  cylinder  heaving  on  water  of  finite  depth  is  here  considered  in  the  long-wave  range.  Existing 
computations  are  in  disagreement  when  Ka  and  Kh  are  both  small.  Now  it  is  well-known  that,  for  infinite 
depth,  the  V.M.  is  infinite  for  Ka*0,  achieves  a minimum  for  Ka^gO.75,  and  tends  to  1 for  large  Ka.  For 
finite  depth,  t’rsell  has  recently  confirmed  analytically  that  the  V.M.  is  finite  (and  thus  a function  of 
a/h)  in  the  limit  Ka-Kh*0.  The  present  work  continues  this  long-wave  investigation  by  a study  of  the 
derivative  d(V.M. )/d(Ka)  for  small  Ka.  It  is  shown  that, for  a/h  sufficiently  small,  d(V.M  )/d(Ka)  > 0 in 
the  limit  Ka*Kh~0;  thus  the  V.M.  curve  for  fixed  a/h  has  a maximum  when  a/h  is  small  and  Kh  is  near  1. 

A table  of  numerical  values  is  given  for  the  V.M.  and  d(V .M. ) /d(Ka)  in  the  limit  Ka=Kh=0,  a/h  fixed. 


1.  INTROIUTTION 

A circular  cylinder  of  radius  a is  made  to 
perform  .a  periodic  heaving  motion  in  water  of 
finite  deptfc  h.  For  water  of  infinite  depth  it 
has  long  been  known  that  the  V.M.  becomes  infinite 
when  the  wave  number,  Ka*^*a/g,  tends  to  0.  More 
recently  it  has  been  established  that  for  finite 
depth  the  V.M.  remains  finite  when  Ka  tends  to  0, 
with  a/h  held  fixed.  However,  recent  computations 
have  given  inconsistent  results  in  the  long— wave 
range,  and  the  reason  for  this  is  now  well  under- 
stood: for  small  Ka  the  resultant  force  on  the 

cylinder  can  be  calculated  without  much  difficulty 
and  it  is  found  to  be  nearly  in  quadrature  with 
the  vertical  acceleration;  the  V.M.  (which  de- 
scribes the  force  component  ’ phase  with  the  ac- 
celeration) can  then  be  calculated  by  multiplying 
the  large  total-force  coefficient  by  the  sine  of 
a small  phase  angle,  a procedure  which  is  likely 
to  involve  a loss  of  accuracy. 

Although  it  is  possible  to  derive  an  integral 
equation  of  the  second  kind  for  the  velocity 
potential,  it  has  been  found,  in  the  case  of  a 
circular  cylinder,  to  be  more  convenient  to  expand 
the  potential  in  terms  of  a wave-source  and  an 
infinite  sum  of  multipole  potentials,  and  thence 
to  derive  an  infinite  system  of  linear  equations 
for  the  coefficients,  t’rsell  [l]  suggested  a re- 
arrangement of  the  method  previously  used  by  Yu 
and  Ursell  [2J  : the  inf  in  ite  system  of  linear 
equations  for  the  complex-val ued  coefficients  was 
replaced  by  two  associated  systems  for  real-valued 
coefficients.  From  these  the  required  real  part 
of  the  potential  on  the  circle  could  be  found; 
this  process  no  longer  involved  the  multiplication 
of  a large  and  a small  quantity  in  order  to  obtain 
a quantity  of  order  unity.  In  this  way  it  was 
found  possible  to  derive  an  expression  for  the 
limiting  value  of  the  V.M.  when  Ka  tends  to  0, 
keeping  a/h  fixed.  This  involved  the  limiting 
potential  $(x,y),  which  satisfies  the  limiting 
boundary  condition  9$/9n  * 0 on  the  free  surface, 
and  is  suitably  normalized  by  an  additive  constant. 
The  normalization  is  the  most  difficult  part  of 
the  calculation. 

Thus  the  numerical  results  of  Yu  and  Ursell 


were  shown  to  be  incorrect  in  the  long-wave  range. 
A discussion  of  more  recent  work  is  given  i\i  §4 
below.  In  particular  there  still  seems  to  be 
some  disagreement  about  the  behaviour  of  the  V.M. 
in  the  neighbourhood  of  Ka=0.  By  a study  of 
d(V.M.) /d(Ka)  in  this  long-wave  range  the  present 
work  has  found  that,  for  a/h  sufficiently  small, 
this  gradient  is  positive  in  the  limit  Ka=Kh=0. 
Thus  the  V.M.  curve  for  fixed  a/h  has  a maximum 
when  Ka  and  a/h  are  both  small;  in  this  case  the 
maximum  is  found  to  lie  close  to  Kh=l . The 
present  numerical  values  agree  closely  with 
analytical  asymptotics  for  small  a/h. 


NOMENCLATURE 


a 


h 


o 

K 


4 

i 


Uo 

p 

V.M. 


= radius  of  cylinder; 

= acceleration  of  gravity; 

* depth  of  water; 

= angular  frequency; 

* oJ/g; 

= (unique)  positive  real  root  of 
K=ko  tanh  kgh; 

* heave  amplitude  of  cylinder; 

* vertical  velocity  of  cylinder; 

* (constant)  density  of  fluid; 

55  virtual-mass  coefficient. 


2.  FORMULATION 

A half-immersed  circular  cylinder  of  radius 
a is  made  to  perform  a periodic  heaving  motion  of 
angular  frequency  a in  inviscid  fluid  of  constant 
density  p and  constant  depth  h.  The  amplitude  l of 
the  oscillations  is  assumed  small  enough  for 
linearized  theory  to  be  applicable.  The  origin 
of  rectangular  Cartesian  coordinates  is  taken  in 
the  mean  free-surface  of  the  fluid  at  the  mean 
position  of  the  cylinder,  x measured  horizontally, 
y vertically  (increasing  with  depth).  Let  polar 
coordinates  r,0,  be  defined  by  the  relations 
x=r  sin  9,  y=r  cos  0.  The  velocity  potential, 
<f>(x,y)exp(-iot)  • henceforth  abbreviated  to  4>(x,y), 
satisfies  the  following  boundary-value  problem: 


4>(x.y) 


= 0 in  the  fluid. 


I x|  <“,0<y<h  ,r>a 

(2.1) 
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Kt  ♦ r1  ■ 0 on  the  f ree-sur face , v-O,  x >a.  (2.2) 

»y 

^ ■ 0 on  the  bottom,  y»h.  (2.J) 

oy 

~ » L'  cos  ^ on  the  cylinder,  r«a,  c <*7».(2.4) 
Sr  0 l 

Here  tf  • tc  and  K - a2/g. 

Uniqueness  will  be  ensured  by  demanding  outgoing 
waves  at  infinity: 

5 * i 

■*  ik,i  sgn  (x),  as  x -»*  , (2.5) 

where  K"k^  tanhk.h,  k,  real  >0.  (2.6) 

Although  the  potential  $(x,y)  could  in  prin- 
ciple be  found  by  solving  an  integral  equation  of 
the  second  kind,  it  has  been  found  to  be  more  con- 
venient  to  adopt  the  method  of  Yu  and  L'rsell  ,2j 
and  to  express  i(x,y)  as  tne  sum  of  a wave-source 
potential  * 

F+if  - dk  (2.7) 

j0  K cosh  kh-k  sinh  kh 

cj*  denotes  that  the  path  of  integration  passes  be- 
low the  pole  k«k  in  the  complex  k-plane) 


and  an  infinite  sum  of  multipole  potentials 

+ • f . cos  2m9  + K cos  (2m-I )8  + 1 

2m  1 2m  r2m  2m-l  r2n— 1 (2m-l)l 


e ^ (K+k)  (K  sinh  ky-k  cosh  kyjk2m~2  cos  kx 


K cosh  kh-k  s l nh  kh 


are  introduced  (cf.  (2.10a))  as  coefficients  in 
the  following  expansions: 

co.  9 (2* 

/ •_  coihk-.h-y)  cosk,x  \ / -F\, 

\ r (k-h)2  / \ r/ 


7 2e  r 

. a 


It  is  readily  seen  from  (2.10a),  (2.11),  (2.12) 
that 

A,  - B,  - i eAc,  . (2.19) 

2m  2m  2m 

Thus  the  Ajjj’s  can  be  found  when  the  B-.n's  and 
C2  's  are  known.  By  multiplying  (2. lit,  (2.15)  by 
tne  complete  set  {cos  ?n  9 },  (n-0, 1 ,2 , . . . ) , and 
integrating  from  0 to  i”  , there  result  two  infinite 
systems  of  linear  equations,  the  theory  of  which  is 
analogous  to  that  of  integral  equations  of  the 
second  kind. 

The  virtual-mass  coefficient  is  defined  by  the 
following  ratio: 

(upward  force  per  unit  length  of  cylinder  in 

^ m phase  with  acceleration) 

(acceleration  of  cylinder).(mass  per  unit 
length  of  cylinder  immersed  in  fluid) 


(m”l , 2 , 3, . . , );  (2.8)  From  Bernoulli's  equation,  the  hydrodynamic  force 


viz.  to  write 


ijjl  * -VF+ifJ  + ^"Sm^m^W  (2'9) 

The  A , A2m's  are  determined  from  the  boundary  con- 
dition (2.4)  on  the  cylinder: 

cose  - -A0  ( F+if  )^+  f«‘2mA2m<a|7(F2m+if2m)'), 


where  angular  brackets 


ckets  /.  ..^ 

. In  princi 


denote  that  r is  to 


retical  difficulty  in  determining  these  coeffici- 
ents (see  Yu  and  Ursell,  [2}  , §2.3).  However  for 
small  k h,  the  force  is  nearly  in  quadrature  with 
the  acceleration.  Thus  to  obtain  the  V.M.  the 
large  total-force  coefficient  must  be  multiplied 
by  the  sine  of  a small  phase  angle,  as  was  stated 
above.  To  overcome  this  difficulty  (cf.  Ursell  [l]) 
(2.10)  is  rewritten  in  the  form 

cos  n - -A0(a||)  * l a2mA2m(a!I|H)  (2.10a) 

+ i E A /a—  cosh  k0  (h~y)  kQx  \ 

'3r  (k0h)2  ' 

where  00  2m 

A - A * sech2k-hf  A-2ra^,-  - (2.11) 


2tt  cosh  kph 


Here  it  has  been  observed  that  f2m  is  a multiple  of 


— 2tt  cosh  k„h 


cosh  kg(h-y)  cos  k^x.  (2.13) 


Real  quantities  BQ,  B^,  Cq  , C2m>  (m«l  ,2, 3, . . . ) , 


-C3t(x,y,t)/3t  * Re  (ipo9(x,y)  exp(-iot)}.  (2.18) 

Thus  the  upward  force  per  unit  length  of  cylinder 
in  phase  with  the  acceleration  is 

r 

2 ipo  {Re  exp(-iot)cos9  a d9  , (2.19) 

whence 

2 ioo(Re  (pS)  exp (-iat)  cos  9 a d9 

V.M.  - — . (2.20) 

(-ioUjj  exp  (-iot))  ( jra2p) 

If  quantities  are  now  defined  (cf.  (2.11) 

(2.12))  by  the  relations 

» B,  (k0a)^m 

- BQ  + sech2  k0h  i (2m-l)  1 ’ (2.21) 

£ - C0  * sech2k0hl  C2(2mil):  <2-22> 

t)  ■ 1 + E2H2,  (2.23) 

then  it  is  found  (cf.  Ursell  Q] ) that 

^^■(-BbF  +ja2\mF2m)- 

* ■^i('C0Fia"'”C2mF2m>-  -TT<f>'  (2>24J 

whence  the  V.M,  quickly  follows.  We  note  that 
‘bt£.,~j  - 0(k„h)  and  (f)-  O(k0h)_1. 

J.  RESULTS 

1.  Ka  - Kh  - 0,  a/h  fixed. 

Using  (2.24)  Ursell  [l]  obtained  the  follow- 
ing  result:  for  a/h  fixed,  the  limiting  express- 
ion for  the  V.M.  in  the  case  Ka-Kh*0  is  given  by 
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(V-M->Ka-Kn-0  m-T  [<8>-  Recede.  ,3.1) 

where  B * -B,F  + [_  a2”1!)^^!!]  t*>at  limiting 

potential  which  satisfies  s8/5y  * 0 on  the  free  sur- 
face and  § - jx|  /h  -*•  0 as  ' x|  . The  correct 
choice  of  additive  constant,  -a/h,  is  important. 

(*  denotes  the  limiting  value  when  Ka-Kh-O). 

Recently  both  the  analytical  and  the  numerical 
studies  have  been  carried  further,  and  the  results 
will  now  be  described.  The  details  of  the  cal- 
culation will  be  omitted;  it  is  hoped  to  publish 
them  elsewhere.  Analytical  calculations  show  that 
for  a/h<<l: 


(V.M.) 


Ka-Kh«0 


2 log  2 


1 


o <1,. 

(3.2) 


(d(V.M.)\ 

'd<Ka)  'Ka-Kh-0 


M 


2 

7T 


C(3>* 


(1  -=■)  log 


IS  ♦ 

h 


1 10  13 

♦ — ♦ ♦ - — TT 

2 24 


3 log  21  ♦ 


°<K 


(3.3) 


where  C(J)  » — *— y-  + ...  * 1.202057... 

1 2 

is  the  Riemann  zeta  function. 

It  was  found  that  ,3.2),  (3.3)  agreed  well 
with  numerical  computations,  e.g.  to  5 significant 
figures  when  a/h-10“5.  yhe  numerical  computations 
are  presented  in  the  accompanying  table  1. 


2.  Qualitative  behaviour  for  small  a/h 
and  Kh  g 0(1 j . 

For  a/h  < 0.02  the  numerical  results  in  table 
1 show  that,  when  Ka-Kh-0,  then  (V.M.)  > 2 and 
(d(V.M. ) /d(Ka) ) > 0;  it  is  also  known  that  in  the 
short-wave  range  the  V.M.  • l+0(a/h)2  for  small 
a/h.  Thus  the  V.M.  necessarily  has  a turning 
value  (maximum)  for  some  positive  Ka.  The  follow- 
ing results  enable  this  maximum  to  be  found  when 
a/h  is  small. 

Let  us  consider  a/h  small,  but  Kh  S 0(1).  It 
can  be  shown  that  the  analytical  expression  for  the 
V.M.  is  given  by 

V.M.  --|2'|y  + logKa-GjOOl)  -|+  2 log  2 

2L  a 2 7 a 4 (3,4) 

vithr(j)  • 

where  y « 0.5772...  is  Euler's  constant,  and 
u3s+3  e_u  du 

0 (u-Kh)  (u  sinh  u - Kh  cosh~u}  ’ ' 1>2— ) 

(3.5) 

(the  bars  through  the  integral  denote  that  the 
Cauchy  principal  value  is  to  be  taken  at  the  poles 
u=Kh  and  u-k^h) . 

It  then  follows  that 

SSiri--M4r-c;H  +0(KalO8k)*  ^.6) 

For  general  values  of  Kh,  Gj  (Kh)  has  to  be  evalu- 
ated numerically;  however  it  can  be  shown  that 
Gj  (1) =1  exactly,  and  thus 

Jgg*i-0(^1Og|).  whenKh-!.  (3.7) 

If  we  denote  by  A(V.M. ) the  difference  between 
the  values  of  the  V.M.  at  Kh-0  and  near  Kh-1 
(Ka  being  small  at  both  values  of  Kh)  then 


A(V.M.)  - -pL  (•)■“  G3(Kh)  ♦ 0(£)‘\  (3.8) 

where  GjO)  * -0.6528... 

Thus  the  maximum  is  hardly  perceptible  for  small 
a/h. 

4.  DISCUSSION  OF  RESULTS  'N. 

Ursell's  analytical  expression  (3.1)  for  the 
limiting  value  of  the  V.M.  when  Ka*Kh*0,  a/h 
fixed,  shows  that  the  numerical  computations  of 
Yu  and  Ursell  ^2.  are  incorrect  in  the  long-wave 
range,  as  has  already  been  noted. 

The  limiting  value  given  by  Kim  ^3]  , and 
which  we  now  see  is  intended  to  apply  to  the  refjon 
a/h«l,  Khf0(l),  is 

lim  V.M.  - - lim  (y  + log  Ka-C.  (Kh)}. 

K-0  K-0 

Since  lim  G,  (Kh)  - (y  ♦ log  ,'Kh/ ”),  we  see  that  Kim's 

Kh-0 

limiting  value  for  the  V.M.  should  differ  from  the 
present  one  by  a constant , (8/x2 )( 3/2  - 2 log  2)-OJ224. 
However,  comparison  with  Kim's  numerical  values 
for  various  (fixed)  values  of  a/h  is  difficult 
since  his  curve  for  the  V.M.  shows  a very  rapid 
variation  for  small  Ka,  but  we  understand  that 
these  values  have  recently  been  revised  by  him. 

Bai  [4]  uses  a variational  technique  and  his 
results  indicate  a large  negative  value  for 
d(V.M.)/d(Ka)  as  Ka  tends  to  0,  when  a/h“l/4  and 
2/3,  contrary  to  the  results  of  the  present  work. 

He  observes  that,  for  very  small  values  of  Ka,  the 
real  part  of  the  velocity  potential  remains  0(1) 
whereas  the  imaginary  part  becomes  infinite  like 
(kgh)"!.  The  limiting  value  of  the  V.M.  involves 
the  imaginary  part  of  the  potential  multiplied  by 
a term  of  order  kgh,  and  Bai  notes  the  possibility 
of  numerical  errors  in  his  work  due  to  this  as  Ka 
tends  to  0. 

Keil  [£J  expresses  the  potential  as  the  sum 
of  a wave-source  and  an  infinite  series  of  multi- 
poles,  as  in  the  present  work.  His  analytical  ex- 
pression for  Gj(Kh),  as  Kh  tends  to  0,  is 
G, (Kh)*l-y-log  Kh  , compared  with  the  correct  value 
of  log  r- y- log  Kh.  Thus  his  limiting  value  of 
the  V.M.  differs  from  the  present  one  by 
log  it-  1-  0.1447  ... 

Yeung  [b]  has  recently  used  a 'hybrid'  inte- 
gral equation  method,  in  which  the  Green's  function 
is  the  fundamental  free-space  wave  source,  log r . 

A discretization  scheme  Is  then  used  to  obtain  the 
value  of  the  potential  on  the  circle,  whence  the 
V.M.  is  calculated.  His  numerical  results  for  the 
limiting  value  of  the  V.M.  are  in  excellent  agree- 
ment with  the  values  found  by  the  present  work,  but 
no  analytical  results  are  given. 

For  Ka  sufficiently  far  from  0 (>0.2)  the 
values  of  the  V.M.  given  by  Kim,  Bai,  Keil  and 
Yeung  are  in  close  agreement.  It  is  hoped  that 
the  present  results  may  be  of  use  in  checking 
numerical  work  at  long  wavelengths. 
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VIRTUAL-MASS  COEFFICIENT  OF  A CIRCULAR  CYLINDER  HEAVING  ON 
WATER  OF  FINITE  DEPTH;  LIMITING  CASE  Ka=Kh=0  (a/h  fixed). 


a/h 

V.M. 

d(V.M.)/d(Ka) 

a/h 

V.M. 

d (V  M.)/d(K.-i) 

0.90 

1.217 

0.7587 

0.02 

2.361 

1.261 

0.85 

1.018 

0.6175 

0.01 

2.910 

7.947 

0.80 

0.8733 

0.5154 

0.009 

2.994 

9.613 

0.75 

0.7622 

0.4372 

0.008 

3.088 

11.75 

0.70 

0.6756 

0.2010 

0.007 

3.195 

14.49 

0.65 

0.6083 

0.1515 

0.006 

3.319 

18.36 

0.60 

0.5572 

0.1108 

0.005 

3.465 

23.91 

0.55 

0.5208 

0.07626 

0.004 

3.645 

32.48 

0.50 

0.4984 

0.04505 

0.003 

3.877 

47.17 

0.45 

0.4901 

0.01432 

0.002 

4.204 

77.44 

0.40 

0.4969 

-0.01931 

0.001 

4.765 

171.3 

0.35 

0.5208 

-0.06002 

0.0009 

4.850 

192.4 

0.30 

0.5650 

-0.6477 

0.0008 

4.945 

218.9 

0.25 

0.6354 

-0.7210 

0.0007 

5.054 

253.2 

0.20 

0.7418 

-0.8243 

0.0006 

5.178 

298.9 

0.15 

0.9032 

-0.9692 

0.0005 

5.326 

363.3 

0.10 

1.162 

-1.149 

0.0004 

5.507 

460.2 

0.09 

1.234 

-1.161 

0.0003 

5.740 

622.2 

0.08 

1.316 

-1.165 

0.0002 

6.068 

947.7 

0.07 

1.411 

-1.152 

0.0001 

6.630 

1928 

0.06 

1.523 

-1.426 

0.000075 

6.863 

2584 

0.05 

1.657 

-1.309 

0.00005 

7.192 

3896 

0.04 

1.825 

-1 .044 

0.000025 

7.754 

7837 

0.03 

2.045 

-0.4210 

0.00001 

8.496 

19673 

Table  1 
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PREDICTION  OF  FREE-SURFACE  EFFECTS  ON  SHIP 
MANOEUVRING 


R B CHAPMAN 

David  W.  Taylor  Naval  Ship  Research  and  Development  Centre. 
Bethesda.  Maryland.  USA 


ABSTRACT 

A numerical  method  is  described  for  computing  the  (low  induced  by  lateral  motion  of  a surface- 
piercing  body  in  a uniform  stream.  Slender  body  theory  is  used  to  reduce  a three-dimensional  steady 
or  unsteady  flow  to  a two-dimensional  unsteady  problem  which  may  be  solved  numerically.  In  this 
way  a Hat  plate  at  a steady  angle  of  attack  was  solved  with  linear  and  nonlinear  boundary  conditions. 
The  linearized  solution  for  a truncated  cylinder  at  a constant  angle  of  attack  is  extended  analytically  to 
oscillation  in  yaw  and  sway.  Hydrodynamic  coefficients  are  computed  for  a Hat  plate  as  a function  of 
Fronde  number  and  frequency.  Theoretical  coefficients  are  compared  with  experimental  values  and  are 
used  to  predict  the  maneuvering  characteristics  of  a fiat  plate  and  to  estimate  the  propulsive  efficiency 
of  a surface  piercing  plate  used  as  a sculling  device. 


Introduction 

Maneuvering  characteristics  of  a surface-piercing  body  such 
as  a ship  are  most  easily  estimated  from  theories  which  are  valid 
at  low  and  moderate  Fronde  numbers.  The  free  surface  may  be 
represented  as  a rigid  plane  for  steady  yaw  at  low  Froude  num- 
bers. or  strip  theory  may  be  applied  to  unsteady  problems  if  the 
effects  of  forward  speed  are  small.  Strip  theory,  however,  does 
not  include  effects  between  body  sections  such  as  the  influence 
of  the  free-surface  disturbance  created  by  lateral  motion  of  the 
forward  sections  of  the  body  on  the  flow  downstream.  This 
particular  forward  speed  effect  can  greatly  influence  the  hydro- 
dynamic  coefficients  at  high  Froude  numbers. 

This  effect  is  included  in  the  slender  body  formulation 
which  was  applied  by  the  author  to  a fiat  plate  at  a steady  angle 
of  attack  ( Reference  111).  Linear  and  nonlinear  solutions  were 
obtained.  Side  force  and  yaw  moment  coefficients  calculated 
with  linearized  boundary  conditions  were  in  good  agreement 
with  values  measured  at  small  angles  of  attack  (Reference  |2| ). 

In  Reference  I 31  the  linear  solution  was  extended  to  oscillatory 
yaw  and  sway. 

The  present  paper  contains  a review  of  the  fiat  plate  work 
reported  in  References  1 1 1 and  1 3 1 followed  by  an  investigation 
of  related  problems;  the  maneuvering  of  a plate,  the  propulsive 
efficiency  of  a plate  in  sculling,  and  the  effect  of  finite  thickness. 

Formulation 

The  governing  equations  will  be  formulated  for  a surface- 
piercing  body  oscillating  in  yaw  and  sway.  The  case  of  a steady 
angle  of  attack  corresponds  to  the  sway  mode  in  the  zero 
frequency  limit. 

A left-handed  Cartesian  coordinate  system  (x.y.z)  is  fixed 
in  space  and  another  system  (x'.y'.z'l  is  fixed  on  the  body  such 
that  the  two  systems  coincide  in  the  absence  of  yaw  and  sway. 
The  x-coordinate  is  aligned  in  the  direction  of  the  free-stream 
velocity  U,  that  is  x is  positive  aft.  The  z-coordinate  is  positive 
upward  and  y is  positive  to  port.  When  the  two  systems 
coincide,  the  common  origin  is  on  the  longitudinal  center-plane 
of  the  body  at  the  intersection  of  the  leading  edge  and  the 
undisturbed  free  surface.  Yawing  moment  is  measured  about  an 
axis  A'  parallel  to  the  z axis  at  the  mid-body  point  (x1  - £l 2, 
y'  = 0)  where  £ is  the  body  length.  Rotation  about  this  axis  is 
positive  in  the  right-hand  sense;  that  is  the  leading  edge  moves 
to  port.  This  geometry  is  illustrated  in  Figure  1. 

At  time  t.  the  body  is  displaced  distance  q(t)  along  the  y 
axis  and  is  rotated  a(t)  radians  about  axis  A'  fixed  in  the  body. 
The  surface  of  the  body  is  described  by 


WL.  1 

l 
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Fig.  1 ; Coordinate  geometry 

F(x'.y'.z')  = 0.  0 < x'  </'.  (1) 

Tile  function  F(x'.y'.z')  is  positive  over  the  exterior  of  the 
body  and  negative  in  the  interior.  The  length  scale  of  the  flow 
in  the  transverse  plane  generated  by  lateral  motion  of  the  body 
may  be  characterized  by  its  draft  a.  The  slender  body  assump- 
tion requires  that  the  ratio  of  draft  to  the  body  length,  e = a//, 
remain  small.  The  ratio  of  the  cross  velocity  to  the  free-stream 
velocity  is  also  small.  Formally,  terms  of  order  e-  and  higher 
are  neglected  and  it  is  assumed  that 

0(a)  < 0(e),  (2) 

so  that  terms  of  order  ae  and  are  neglected  as  well. 

To  first  order  in  a,  the  space-fixed  and  body-fixed  coordi- 
nates are  related  by 

x'  = x - y'  a(t) 

y'  = y — q(t)-a(t)^/- xj  (3) 

z - z 

and  the  velocity  components  of  the  two  systems  are  related  by 
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Application  of  these  assumptions  reduces  the  free-surface 
conditions  to 


x'  = x - y'  a(t)  - y'  a(t) 

y’  = y - q(t)  - aft)  (y  I-  x'j  + a(t)  x (4) 

z'  = z. 

The  flow  is  assumed  to  be  irrotational  and  may  be  described  by 
a velocity  potential, 


<t>  = Ux  + ,p<x,y,z,  t).  (5) 

The  body  boundary  condition  may  be  written  as 
3F  . , 3F  dF 

x 5?  + y §7  + z 3?  = 0 (6) 

on  F(x’,  y',  z')  = 0. 

Equations  (4),  (5),  and  (6)  combine  to  give, 

(dp  ,,  > • dp  \ dF  (dip  , 3y>\  3F 

i^  + U-ya-3?aj3-?+K-VB(x*t)  + a3fj37 

dp  3F 
+ 3z  3?  = 0 

where  Vg(x',  t)  is  the  cross  velocity, 


VB(x’,t)  = V0(t)  + ^/-x'j 


a(t) 


(8) 


V0(t)  = q(t)  - Ua(t). 


The  potential,  ip(x,y,z,t),  must  satisfy  Laplace’s  equation, 


d2p  + d2p  + d2p  _ Q 
3x2  3y2  3z2 


(9) 


througliout  the  flow.  On  the  free  surface,  z = {(x,y),  the  flow 
satisfies  a dynamic  condition. 


3t  3x  2 \ 3x  3y  3z  / 85 


and  a kinematic  condition, 

M + + dp-„dp 

dt  [ 3 x / 3x  3y  3y  8 3z  ’ 


(10) 


(ID 


Finally  there  is  an  initial  condition  specifying  <p(x,y,z,  t0)  and 
{(x,y,t0).  For  the  oscillatory  problems  considered  in  this  paper 
the  initial  condition  transforms  into  a radiation  condition. 


and 


^ + U & + 1 

3t  3x  2\,3y 


+ 


+ g{  = 0 


(17) 


3t  3x  3y  3y  8 3z 


(18) 


with  both  conditions  evaluated  on  z = (.  Although  second 
order  terms  in  (Vg/U)  have  been  eliminated,  nonlinearities 
remain  in  the  free-surface  conditions  as  a result  of  the  assump- 
tion that  e = a//  is  also  small.  The  magnitude  of  these  free- 
surface  nonlinearities  depends  on  the  relative  magnitudes  of 
these  two  small  parameters,  (Vg/U)  and  (a //). 

Under  the  same  assumptions,  the  body  boundary  condition 
reduces  to 


'dp 

dy 


Vg  (x\  t) 


) 


3F 

dy' 


+ 


& IZ-o 

3z  3z' 


on  F(x',y',z')  = 0. 


(19) 


This  condition  combined  with  Laplace’s  equation  (14),  the  free- 
surface  conditions,  (17)  and  (18),  and  an  appropriate  initial  or 
radiation  condition  will  define  the  flow. 

The  free-surface  conditions  have  characteristic  lines  in  the 
x-t  plane  defined  by 


o = ~(t  - x U'1 ) = constant 


(20) 


with  the  position  on  the  characteristic  line  specified  by  the 
variable 


s = ^ (t  + x U'1 ) (21) 

The  free-surface  conditions  on  z = f(s,  o,y)  may  be  written 
with  independent  variables  (s,  a,  y,z)  as 


H (&♦$*«-» 


(22) 


and 


3|  +1  <*£  = !>£ 

3s  2 3y  3y  8 3z  ’ 


(23) 


Slender  Body  Approximations 

The  slender  body  approximation  is  implemented  by 
assigning  orders  of  magnitude  to  independent  variables, 

x,  x'  = 0 (i);  y,  y',  z,  z'  = 0(a);  t = (KiU*1).  (12) 

Differential  operators  have  consistent  orders  of  magnitude, 

JT  = 0U"1),  ^ ■ = Ofa’1),  etc.,  (13) 

and  terms  of  order  e2  = (a/y/  >2  are  neglected.  Thus,  Laplace’s 
equation  reduces  to  a two-dimensional  form. 


d2P  + d2p  _ Q 
3y2  3z2 

Since  it  has  been  further  assumed  that 

o(^p)  = 0(a)  < 0(e), 


(14) 


(15) 


terms  of  order  e(Vg/U)  and  (Vg/U)2  are  also  neglected. 
The  lateral  motion  problem  become  degenerate  unless 


p = 0(aVB)  and  £ = OlVgiU’1)  (16) 


If  s is  regarded  as  a time  variable,  then  equations  (14),  (22), 
and  (23)  are  equivalent  to  those  governing  two-dimensional  flow 
in  the  y-z  plane.  The  body  boundary  condition  (19)  becomes 
equivalent  to  the  condition  on  a body  moving  in  the  y-z  plane 
and  distorting  with  time.  In  this  way  the  slender  body  approxi- 
mation reduces  three-dimensional  steady  or  unsteady  free- 
surface  flows  to  two-dimensional  unsteady  free-surface  flows  in 
the  y-z  plane.  Existing  numerical  methods  for  solving  this  type 
of  two-dimensional  problems  are  applicable. 

Several  additional  features  of  the  solution  may  be  deduced 
from  the  characteristics.  First,  since  the  solution  on  any 
characteristic  line  is  independent  of  conditions  on  any  other 
characteristic,  the  flow  in  the  plane  x = X]  at  time  t = t]  is 
independent  of  the  flow  in  plane  x = x2  at  time  t = t2  unless 

t2 -t,  =(x2 -x^U’1  (24) 

Second,  when  the  solution  is  constructed  for  an  initial  value 
problem,  the  solution  at  any  point  s = sj  on  a characteristic 
line  depends  only  on  conditions  for  s < S| . Thus,  the  solution 
at  x = xj  and  t = tj  is  independent  of  conditions  downstream 
(x2  > xj ) or  at  a later  time  in  the  sense  that  it  is  not  influ- 
enced by  the  body  boundary  condition.  Finally,  it  is  obvious 
that  an  initial  condition  of  identically  zero  perturbation  poten- 
tial requires  the  solution  to  remain  zero  ahead  of  the  leading 
edge  for  all  time.  These  considerations  remain  applicable  to 
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the  oscillatory  problem  and  may  be  regarded  as  consequences  of 
a radiation  condition. 


Linearized  Problem 

If  the  velocity  caused  by  lateral  motion  of  the  body  is 
sufficiently  small  so  that  it  does  not  interact  with  itself  or  with 
the  flow  resulting  from  the  body  thickness,  nonlinear  terms  in 
the  governing  equations  may  be  neglected.  In  this  linearized 
limit  the  two  free-surface  conditions  (22)  and  (23)  combine  to 
give 

on  z = 0.  (25) 

3s2  dz 


The  body  boundary  condition  for  the  linearized  problem  is 
specified  on  the  mean  (static)  position  of  the  body  surface, 
F(x,y,z)  = 0,  rather  than  on  the  displaced  body  surface.  The 
body  boundary  condition  is  further  simplified  by  eliminating 
the  potential  pA(x,y,z)  which  exists  in  the  absence  of  lateral 
motion  induced  by  body  thickness.  This  potential  satisfies  the 
body  boundary  condition, 


vdF  + ^fA  3F  + ^A  3F  _ Q 
dx  3y  3y  3z  3y 

on  F(x,y,z)  = 0. 


(26) 


The  body  boundary  condition  for  the  remaining  potential,  due 
to  lateral  motion  alone,  is  then 

on  F(x,y,z)  = 0. 


Flat  Plate  at  Constant  Angle  of  Attack 

The  most  elementary  example  of  the  problem  just  formu- 
lated is  a flat  plate  with  a constant  angle  of  attack  a.  The 
nonlinear  body  boundary  condition  ( 1 9)  reduces  to 


This  condition  is  applied  on  y = 0 for  the  linearized  problem. 

Two  parameters  characterize  this  problem;  (a/e),  a measure 
of  free-surface  nonlinearity;  and 

7 = 4 (g/a)1/2  IT1,  (29) 

a nondimensional  length  equivalent  to  the  inverse  of  the  product 
of  the  Froude  number  and  the  square  root  of  the  aspect  ratio. 
The  net  side  force  acting  on  the  plate  is,  for  linear  case,  simply 


o 

dz  >fi(£,  0+,  z). 


(30) 


The  more  complex  expression  for  the  nonlinear  case  is  given  in 
Reference  [ 1 1 . Since  the  flow  is  independent  of  conditions 
downstream,  equation  (30)  also  defines  Y(x),  the  net  sideforce 
acting  on  the  portion  of  the  strut  forward  of  x < Z.  The  yaw 
moment  about  the  strut  midchord  is 

Ha»*/”8«‘(s-x)-  <3,» 

Sideforce  and  moment  coefficients  are  defined  as 

Cy  (x)  = Y(x)  • (|pa2aU2)  ' 

/ , \-l  «2) 

Cn(/)  = N(/)  •ljpa24aV2J 

In  the  nonlinear  problem,  these  coefficients  depend  on  a.  The 
linearized  problem  represents  the  limiting  case  as  a approaches 
zero.  The  longitudinal  position  of  the  hydrodynamic  center  is 


V.47 

given  by 

•Xf  =^^-CN(7)-CyI(Jij.  (33) 

Figures  (2),  (3),  and  (4)  illustrate  Cy(x),  Cjj  <x).  and  Xf/7 
calculated  from  the  linearized  formulation  compared  with 
experimental  values  for  plates  at  small  angles  of  attack  as 
reported  in  Reference  (21.  Theory  and  experiment  are  in  good 
general  agreement  for  the  aspect  ratios  shown,  although  the 
figures  do  not  include  measured  values  for  an  aspect  ratio  of 
0.04.  These  values  deviate  widely  with  a large  amount  of 
scatter  caused,  possibly,  by  flow  separation. 


x 


Fig  2:  Theoretical  and  experimental  side  force  coefficient 


Fig.  3:  Theoretical  and  experimental  moment  coefficient 


Fig.  4 : Theoretical  and  experimental  center  of  force 
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It  is  somewhat  surprising  to  find  experimental  values  in 
close  agreement  for  aspect  ratios  as  high  as  0.50  with  a theory 
based  on  a low  aspect  assumption.  Without  a free-surface 
experimental  values  for  the  center  of  force  are  known  to  move 
aft  of  the  theoretical  position  given  by  low  aspect  ratio  theory  as 
the  experimental  aspect  ratio  increases.  In  the  present  case,  how- 
ever. no  such  trend  is  evident  One  possible  explanation  is  that  a 
free-surface  effect,  not  contaned  in  the  present  formulation,  tends 
to  move  the  experimental  hydrodynamic  center  of  high  aspect  ratio 
plates  forward  Theoretically  the  flow  is  not  affected  by  the  plate 
ahead  of  the  leading  edge  so  that  the  pressure  and  potential  are 
both  zero  on  / Oat  the  leading  edge  file  side  force  as  calculated 
from  i 30)  therefore  receives  only  a small  contribution  from  the 
upper  portion  ol  the  plate  near  the  leading  edge.  A free-surface 
disturbance  grows  d'  -nslream  of  the  leading  edge  increasing  the 
net  force  on  the  upper  portion  of  the  plate  In  reality,  the 
plate  does  influence  the  flow  upstream  of  the  leading  edge  so 
that  the  free-surface  disturbance  is  already  partially  developed  at 
the  leading  edge,  which  should  move  the  center  of  force  forward. 
Furthermore,  the  plate  should  influence  the  flow  further  forward 
as  its  draft  increases  so  that  this  effect  should  be  greatest  tor 
high  aspect  ratios. 

The  calculations  reported  in  Reference  I 1 1 indicate  that 
nonlinearities  retained  by  the  slender  body  formulation  have  a 
small  effect  on  the  side  force  and  moment.  Experimental  non- 
linearities  are  much  larger  and  may  be  caused  in  part  by  flow 
separation  effects. 

Oscillation  in  Yaw  and  Sway 

Reference  1 31  illustrates  the  extension  of  the  linear  solu- 
tion for  a truncated  cylinder  at  a steady  angle  of  attack  to  the 
case  of  oscillations  in  yaw  and  sway.  A cylinder  defined  by 

F(y.z)  = 0 0<x<^,  (341 

oscillates  with  frequency  co.  The  cross  velocity  is  written  as 

VB(x.  t)  = b(x)  ciu,t  0 < x < (35) 

the  function  b(x)  is  a constant  for  the  sway  mode  and  a linear 
function  for  the  yaw  mode.  It  is  convenient  to  use  the  non- 
dimensional  length  defined  in  (29)  for  the  longitudinal  spatial 
variables  and  to  define  some  further  nondimensional  variables, 

y = y/a,  z = z/a.  t = Ng/a)1^2 
co  = co(a/g)'/2,  s = s(g/a)’/2. 

The  linearized  body  boundary  condition  is 

U ^ + ^ U MW)  ei"«H(x)!E  (37) 


3y  3y  3z  3z 


3y 

on  F(x.y.z)  = 0, 


where  H(x)  is  the  step  function.  The  potential  must  also  satisfy 
the  linearized  free-surface  condition. 


/ 3 3 V 3g>  . . 

(-:  + —)  . z = 0 

\3t  3x/  3z 


and  a radiation  condition. 

g>(x,y,?.l  = 0,  x < 0.  (39) 

Let  llx.y./i  be  the  potential  which  satisfies  conditions  (38)  and 
(39).  and  the  body  boundary  condition. 

(40) 

3y  3y  3z  3z  3y 

on  F(x,y,7)  = 0. 

This  potential  clearly  corresponds  to  the  case  of  a steady  angle 
of  attack  such  that  aaU  = 1.  It  is  shown  in  Reference  (3|  that 
the  potential  which  satisfies  (37),  (38),  and  (39)  may  be  written 
in  terms  of  flx.y.z)  as 


■p(x.y.z.t)  = a eioJI  jV(x.y.z)  b(o)  e'iw*  + 

f dq  f(q.y.z)  e"iaJ9  ^i£jb(x  - q)  + b'(x  - q)^l  , 
-'o  J 

where  b'( x)  is  the  derivative  of  the  function  b(x). 

The  function  g(x)  is  defined  as 


g(x)  * J 1 


d7.  f(x.y.z) 


- 4 CY(x) 

where  the  integral  in  (42)  is  over  the  body  boundary  in  the  y-z 
plane  and  Cy(x)  is  the  side  force  coefficient  for  a steady  angle 
of  attack  as  defined  in  (32).  Then  the  side  force  acting  on  the 
body  forward  of  x is 

Y(x.  t)  = - 2pUa2  e'4**1  (I  + ico  I)  |"g(xt  b(o)  e’itJ* 

rx  rx  (43) 

+ ico  J dq  g(q)  e‘itJcl  bix  - cj>  + ] dq  g(q)  e'iu,9  b'(x  - q) 

'"o  ■'o  J 

where  I is  an  integral  operator  defined  by 


x.y.z.n  =] 

-'ll 


dq  hlq.y.z,  t). 


The  corresponding  moment  is 


3 Y ( x. t I 

~3ir dx- 


The  sway  mode  may  be  defined  by  the  condition 

b(x) = I . (4b) 

The  sway  velocity  and  acceleration  are 

VQ(t)  = eia,t  and  V0(t)  = iweitJt  (47 1 

Hydrodynamic  derivatives  for  the  sway  mode  are  defined  by 

Yv(7,eo)  eia,t  + Y;(7.co)(ico  oicot)  = Y(7.t)  (48) 

Nv(7.co)  eitJt  + N-(7,  coMico  eiwt)  = N(7.t).  (49) 

These  derivatives  are  commonly  put  into  coefficient  form. 

Y;  = Yv  ^piau)'1,  Y!  = Y-  ^p/2a)''  (50) 

N;  = Nv^pi2aUy',N(  =N-  ^p/3.)'' 

Equations  (43),  (45),  and  (46)  yield  the  solution, 

Yy(x.co)  + icox  Y*  (x,co)  = e Y*(x,co)  (51) 


N' (x,  to)  + icox 


r/.-(\  x \dY*(x.  co)  ,,,, 

N^(x.co)  = e / dx  I — - j I rr (52) 

*'0  ' 


in  terms  of  Y*(x,w)  defined  by 


Y*(x,co)  = - 4 + iw  ij  ^g(x)  e~i<ox  + e"iC°q  dq) 

= - 4 g(x)  e"iw*  - 8ic5  f g(q)  e“ic0^  dq  (5: 

+ 4 (x  - q)  g(q)  e*iw^  dq 
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Note  that  the  function  Y*(x,£o)  is  independent  of  the  aspect 
ratio  so  that  all  coefficients  defined  in  (50)  are  proportional  to  e. 

The  yaw  mode  may  be  similarly  analyzed.  Let  the  yaw 
velocity  and  acceleration  be 

r(t)  = a ( t ) = eicJ1 


r(t)  = ico  ei<Jt 

To  fully  specify  this  mode  it  is  necessary  to  define  V0(t).  The 
usual  definition  for  manuevering  is 

V„(t)  = 0 (55 


q(t)  = Ua(t).  (56) 

The  function  b(  x ) for  this  mode  is- -then 

b(x)  = • (57) 

Hydrodynamic  derivatives  are  defined  by 

Yr(7,u5)  eitJt  + Y;(7,£3)(icp  eitJ{)  = Y(Z,t) 

(58) 

Nr(i.u5)  eIOJt  + N'(/,w)(ito  e'wt)  = N(7,t) 
with  corresponding  coefficients  defined  by 

Y;  = Yr(lpi2auV,,Y/  = Y;(ip/3a)'1 

/ \-l  / \-l  <59) 

N;  = Nr^p/3aUj  .NZ-Nf^p^aJ  . 

These  coefficients  may  be  calculated  from 
Yf'(x,  co)  + i£5x  Yj!(x,  cj)  = e Y**(x,Z3) 

7 , v (60) 

Nr'(x,S5)  + ic5x  N;(x,c5)  = ejT dx  (i  °ZgSl. 

The  function  Y**(x,  to)  is  given  by 

Y**(x,cj)  = ^ Y*(x,c3)  + 4^l  + icu  l]y"dqg(q)e-iS^(l  +ico7-iwq) 

J __  (61) 

= Y*(x,  c5)  + 4 J dq  g(q)  e"i<otl  ^1  + 2ito(i-  q) 

~'o 

- ~r  (I-q)2) 

Flat  Plate  Oscillations 

It  has  been  demonstrated  that  the  unsteady  hydrodynamic 
coefficients  for  a truncated  cylinder  in  lateral  motion  can  be 
calculated  from  the  solution  for  the  cylinder  at  a constant  angle 
of  attack  within  the  limits  of  linearized  slender  body  theory. 
Coefficients  for  fiat  plate  oscillations  were  calculated  in  this 
way  from  the  values  of  g<  x)  for  a fiat  plate  as  listed  in  Table  1. 
Figures  (5)  through  ( 12)  show  these  coefficients  compared  with 
experimental  data  from  Reference  [21  for  a plate  one  meter  in 
length  at  an  aspect  ratio  of  0.20.  Results  are  plotted  against  a 
nondimensional  frequency, 

op’  = S3  e>/2 

for  various  Fronde  numbers, 

Fn  = x e**/2 

These  coefficients  show  good  overall  agreement.  In  particular 
the  theory  predicts  Froude  number  and  frequency  effects  fairly 
accurately.  Strip  theory  estimates  arc  given  in  Reference  [ 3 J . 
They  are  marginally  adequate  only  at  the  lowest  Froude  number. 


Maneuvering  of  a Flat  Plate 

The  results  presented  in  the  last  section  may  he  used  to 
analyze  the  maneuvering  characteristics  of  a surface-piercing 
body  represented  by  a fiat  plate.  The  mass  and  moment  of 
inertia  of  the  plate  will  be  neglected  although  they  may  be 
easily  included  (see  Reference  [4|  I.  Consider  the  plate  in  a 
steady  turn  induced  by  a force  F acting  normal  to  the  plate  in 
the  positive  y'  direction  at  the  trailing  edge.  In  a steady  turn 
the  acccrelations.  r and  v,  are  both  zero  and  the  total  force  and 
moment  acting  on  the  plate  must  vanish. 

Yv  v + Yf  r + F = 0 

(64) 

Nvv  + Nrr-^F  = 0. 

These  conditions  are  satisfied  for 


r = UF'i‘ 


/ n;  -f  ± y;  V 
Iy;  n;  - y;  n;  / 


( j y;  + n; 

= ' u h Vy’n’-y’  n’ 

' * v r r v 

■’  = F-  ^p^aU2)  '. 


A positive  control  force  should  turn  the  plate  to  starboard.  The 
radius  of  the  turning  circle  is 

R = - U/r.  (68) 

The  ratio  of  this  radius  to  the  length  of  the  plate  is 


\ n ; + \ y;  / 


Hydrodynamic  coefficients  Y^.  Y’.  and  Nr’  are  plotted  against 
Froude  number  for  e = 0.20  and  to  = 0 in  Figures  ( 13).  ( 14), 
and  (15).  As  a result  of  certain  symmetries  in  the  formulation. 
Nv  can  be  determined  from  the  relationship  valid  for  all  x and 


N;  + Y;  = 0 (70 

Figure  (16)  shows  the  parameter  (RA£  ) F'  for  e = 0.20  calcu- 
lated from  these  coefficients.  Note  the  decrease  in  turning 
radius  at  high  Froude  numbers. 

The  theoretical  power  loss  induced  by  the  turn  is  also  of 
interest.  The  rate  of  work  done  by  the  plate  is 

_ ,71 

= - u f f'  ({  y;  + n;)-  (v;N;-Y;N;y 

The  coefficient  of  power  defined  as 


■ ^p^aU3j 


may  be  written  as 


, (K  + n;) 

p (F)  <y;n;  - y;n;> 


p’  • (R/7  >2  = <y;  n;  - y;  n;>  ■ (^  y;  + n;)(n;  + \ y 

Figure  (17)  shows  P'(R /J  )2  as  a function  of  Froude  number 
(e  = 0.20).  This  parameter  also  decreases  at  high  Froude  numbers. 
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Proude  Number 

F«g  15  Yaw  damping  in  zero  frequency  limit  =0.20 


(R/fl)F'  0 2[ 


15  2 0 

Froude  Number 


Fig  16  Turning  radius  versus  Froude  number  . =0.20 


These  results  show  moderate  Froude  number  effeets  on 
maneuvering  for  Froude  numbers  less  than  0.20e*/’  followed  by 
large  changes  in  the  transitional  range  0.20e'/-  < Fn  < O.fiOr 1 - 
and  nearly  constant  characteristics  at  higher  Froude  numbers. 
Conventional  craft  which  might  be  modeled  by  the  plate  would 
normally  operate  in  the  low  Froude  number  range.  Special  craft 
such  as  catamarans  could  operate  in  the  transitional  range,  how- 
ever. because  of  large  drafts  and  high  Froude  numbers. 

Sculling  by  a Surface -Piercing  Plate 

Tlie  flat  plate  results  can  also  be  used  to  estimate  the 
propulsive  efficiency  of  a surface-piercing  plate  employed  as  a 
sculling  device.  The  motion  of  such  a plate  may  be  described  by 

q(t)  = q eltJt 

i<o.  (74) 

o(t)  = - a„  e'^1 


r(t)  = - iaja()  eia,t 
V0(t)  = ( icj qu  + UaQ)  eUJI. 
The  force  normal  to  the  plate  is  then 

Y = 4pa2uW  l(\'  - ( ( "r— ^ Y- 


Y = Ipa2  UV  ag  (y;  - ((^)  Y-  - Yf’))c 

-(f)fe)Yv-Yr’  + n)sin«“«»  • 

The  corresponding  moment  about  the  plate  midchord  is 


cos (cot) 
(76) 


Froude  Numbf' 

Fig  17  Power  loss  in  turn  versus  Froude  number  = 0.20 

N=3Pa2ZU2f-'a0  (Ut)S;-  N>;))cos<w' 

. L -i  (77) 

/coy\  / / % V , v.,  A 

-(-v)  + 


The  thrust  T(tl  produced  by  the  motion  of  the  plate  is  the 
component  of  the  normal  force  acting  in  the  negative  x direction 

T(t)  = - Y(t)  sin  am  <781 

For  small  au  ibis  may  be  approximated  as 

T(t)  = a0  Y(t)  cos  (cot).  (7‘)| 

The  mean  thrust  over  a cycle  is  then 

T = |pa2U2a2e-'  YJ  - (7-1  Y-  - \{)  (80) 

where  the  parameter  7 is  defined  as 

7=(^) 

This  parameter  specifies  the  axis  of  rotation  of  the  plate.  For 
example,  the  plate  rotates  about  its  leading  edge  when  y = 2.0. 
Since  Y;.  is  negative,  a small,  positive  y should  produce  positive 
thrust  and  a small,  negative  y should  produce  negative  thrust. 

The  rate  of  work  done  by  the  plate  is 

W = - Y(t)  q(t)  - N(ti  a(tl  (82) 

= (q0  Y(t)  - ao  N(tl)  CO  sin  (ait). 

The  mean  rate  of  work  is 

W = - |pa2  U3a(2  7'1  £*'  (y)  [Yi  + 7'1  Yv  - 7N-  + 7Nr']. 


The  resulting  propulsive  efficiency  in  the  absence  of  frictional 
drag  is 

r)  = T U • W"1 . (84) 

This  efficiency  may  be  expressed  as  a function  of  . ui.  and  7. 

_ 7 Y^  - 72  (a;/)'2  Y’  - 72  Y; 

Tj(J.u,y)  = ; . (85) 

7 Y-  + Y^  - 72  N-  + y Nf’ 

Within  the  limitations  of  the  theory,  this  efficiency  is  independent 
of  aspect  ratio.  The  value  of  7 which  maximizes  the  efficiency, 
i.e.  Hri/dy  = 0,  is 
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7* = [,Y*:  kI  + Y^  Yi:  k2»,/2  - y;  k.]fv:  k2 


)*'  (86) 


where 


k,  = y;  + y; 

k,  = k,  + N;  - N- 


The  resulting  optimal  efficiency  is  r)*<y.uil.  Figures  ( 18)  and 
( Id)  show  r;*  and  >*  plotted  against  w for  several  values  of  2. 

In  each  case  the  efficiency  approaches  a maximum  of  about  0.5 
in  the  high  frequency  limit.  Frequencies  in  this  range  corre- 
spond to  wavelengths  much  shorter  than  the  depth  of  the  plate 
so  that  the  energy  lost  in  free-surface  radiation  is  small.  Another 
local  maximum  is  evident  for  very  small  frequencies  and  low 
Froude  numbers  Here  too  the  free-surface  radiation  should  be 
small.  It  is  also  interesting  to  note  that  at  the  higher  frequencies 
the  optimum  y is  close  to  2.0.  which  corresponds  to  rotation 
about  the  leading  edge. 


Fig  18  Propulsive  efficiency  of  flat  plate  sculling 


Effect  of  Finite  Thickness 

The  methods  developed  in  the  preceding  sections  can  be 
applied  to  a body  of  uniform  cross-section  and  finite  thickness. 
The  thickness  can  affect  the  lateral  hydrodynamic  coefficients 
in  two  ways.  First,  the  body  creates  a disturbance  in  the 
absence  of  lateral  motion,  which  can  interact  with  the  flow 
induced  by  lateral  motion.  The  free-surface  may,  for  example, 
be  elevated  over  some  portions  of  the  body  and  depressed  over 
other  portions,  thus  altering  the  lateral  stability.  Secondly,  the 
shape  of  the  cross-section  directly  influences  the  cross  flow  and 
the  resulting  forces.  It  was  stated  in  the  formulation  that  the 
first  type  of  interaction  is  not  accounted  for  in  the  present 
analysis.  Thickness  effects  of  the  second  type  are  easily  calcu- 
lated, however. 

Consider  a body  with  a uniform  rectangular  cross-section. 
Let  the  ratio  of  beam  to  draft  be 

B’  = B a (87) 

The  linearized  problem  has  been  solved  for  o < x < 13.0,  for 
B’  = 1.0  and  B'  = 2 0 as  well  as  for  the  flat  plate  case,  B'  = 0. 
Side  force  coefficients  for  these  three  cases  are  shown  in 
Figure  < 20 ).  They  illustrate  a general  increase  in  the  force 
coefficient  with  increasing  thickness.  At  large  values  of  x,  the 
coefficient  should  approach  half  of  the  two-dimensional  added 
mass  of  a Bx  2a  rectangle  moving  perpendicular  to  the  2a 
dimension.  This  condition  may  be  expressed  as 

lim  Cy  (x)  = K ( b ) it 
x— ><*> 

where  K(0)  = 1.00.  Kl  I ) = 1.36,  and  K<2)  = 1.51.  Numerical 
values  for  x = 13.0  are  K ( 0 ) = 0.98,  Kl  1)  = 1.36,  and 
K(2)  = 1.45. 


Fig  20 : Side  force  coefficient  for  rectangular  sections 


Fig  19  Optimum  value  of  parameter 
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TABLE  I 

Flat  Plate  Side  Force  Coefficient 
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VELOCITY  POTENTIALS  OF  SUBMERGED  BODIES  NEAR 
A FREE  SURFACE-APPLICATION  TO  WAVE-EXCITED 
FORCES  AND  MOTIONS 

In  \1  S ( hang  and  I’  ( I’icn 

David  \\  lav  lor  Naval  Ship  Research  and  Development  ( enter 
Bethesda.  Maryland.  I S \ 


\BSTR  U I 

\n  inner-potential  doublet-distribution  method  tor  calculating  the  velocity  potential  around  bodies 
in  a uniform  flow  iv  extended  to  the  case  o!  bodies  in  an  arbitrary  potential  How  field  Numerual 
examples  are  given  for  bodies  moving  beneath  surface  waves  Die  wave  forces  and  moments  are  calcu- 
lated for  bodies  in  uniform  motion  and  tor  a hodv  undergoing  prescribed  maneuvers  Die  results  indicate 
that  tile  present  method  can  obtain  accurate  predictions  of  forces  and  moments  with  a small  number  id 
control  panels.  Wave-excited  motions  are  also  calculated  Die  influence  of  the  exciting  motions  on  the 
exciting  forces  is  discussed  and  the  instabilities  ot  the  motions  in  regular  and  irregular  waves  are  demon- 
strated. 


INTRODUCTION 

In  tile  calculation  ot  the  velocity  potential  on  the  surface  of 
a three-dimensional  body  by  an  inner  potential  doublet-distribu- 
tion method,  hen'  and  Chang  and  Pien-  have  shown  that 
accurate  results  can  be  obtained  without  dividing  the  body  into 
very  small  elements.  Both  infinite-fluid  and  tree-surface  flow 
problems  were  considered.  For  a sphere  moving  ill  an  infinite 
fluid  Pien  showed  that  the  velocity  potential  could  be  computed 
by  the  inner-potential  doublet-distribution  method  to  within  a 
.-percent  error  using  only  l>b  panels,  while  the  same  accuracy 
required  1344  panels  by  the  sink-source  distribution  method.4 
In  view  of  the  success-  of  the  inner-potential  doublet-distribution 
method  in  solving  problems  associated  with  a body  moving  under 
a calm  tree-surface,  the  method  is  extended  here  to  the  problem 
of  a submerged  body  moving  under  waves  on  a free-surface.  The 
paper  is  devoted  to  the  analy  sis  of  the  exciting  forces  for  both 
captured  and  free  bodies  under  arbitrary  tree-surface  waves. 

In  analyzing  the  forces  on  a submerged  body  moving  in  a 
given  potential  field  such  as  regular  waves,  the  forces  are  separ- 
ated into  two  groups;  the  exciting  forces  and  the  restoring 
forces.  In  the  linearized  theory,  the  exciting  forces  have  been 
evaluated  with  the  unsteady  motions  of  the  body  neglected  and 
the  restoring  forces  have  been  calculated  with  the  incident  waves 
neglected.  Cummins4  calculated  the  exciting  forces  for  a slender 
body  of  revolution  by  approximating  the  body  as  a sy  stem  of 
singularities  distributed  along  its  axis.  Mis  approximation  can  be 
readily  evaluated,  and  can  be  applied  to  arbitrary  bodies  of 
revolution  with  large  fineness  ratios.  Havelock5  has  obtained  the 
exciting  forces  for  a spheroid  from  integration  of  the  pressure 
over  the  surface  on  the  spheroid,  Extension  of  Havelock's 
method  to  other  bodies  was  considered  impractical/’  Newman® 
generalized  the  "Maskind  relations"7  for  the  exciting  forces  in 
waves,  including  the  effects  of  constant  forward  speed,  and 
applied  the  results  to  the  case  of  a submerged  ellipsoid.  Never- 
theless. his  analysis  can  be  useful  only  if  the  far  field  asymptotic 
behavior  of  the  radiation  potential  due  to  the  oscillatory  motion 
of  the  body  is  known.  In  cases  where  the  far  field  radiation 
potentials  are  not  known  beforehand,  the  method  of  Newman® 
requires  extensive  computations.  The  recent  development  of 
numerical  methods  for  calculation  of  potential  flows  enables  one 
to  obtain  the  velocity  potential  satisfying  the  exact  body 
boundary  condition.  The  velocity  potential  on  the  body  surface 
can  be  obtained  easily  and  forces  can  be  obtained  from  integra- 
tion of  the  pressure  on  the  body  surface  without  difficulty .- 
The  use  of  generalized  "Haskind  relations"  has  become  unneces- 
sary. This  paper  will  present  an  evaluation  of  the  exciting  forces 
on  a submerged  body  moving  under  waves  from  a direct 


integration  ot  the  body  pressure  distribution  obtained  from  the 
inner-potential  doublet-distribution  method. - 

In  past  analyses  of  the  motions  of  a submerged  body  near  a 
free-surface.  attention  has  been  focused  on  the  restoring  force 
and  damping  due  to  the  outgoing  surface  waves  created  by  the 
oscillatory  motion  of  the  body  Considerable  work  lias  been 
done  in  this  area  by  Ursell,  Korvin-Kroukovsky  and  Jacobs  '* 
Hishida.'O  Havelock.'*-'-  and  Newman.’ 4 In  general,  the 
damping  coefficients  were  derived  for  either  special  bodies  or 
approximate  body  boundary  conditions.  The  present  method 
calculates  the  damping  coefficient  for  a deeply  submerged 
arbitrary  body.  C alculations  for  a spheroid  are  compared  with 
those  of  Havelock." 

In  analyzing  the  motion  of  a deeply  submerged  body  the 
damping  forces  may  be  neglected.  I his  paper  presents  the  time 
series  of  wave  excited  motions,  neglecting  free  surface 
damping  and  viscous  effects. 

The  next  section  gives  the  fundamentals  of  the  method 
employ  ed.  Then,  numerical  computations  of  the  exciting  forces, 
damping  coefficients,  and  motions  of  selected  bodies,  will  be 
presented  and  compared  with  the  corresponding  results  ot  others 
Finally  , the  wave-coupling  effect  on  the  motions  of  a body  will 
be  discussed.  While  for  comparison  purposes,  the  results 
presented  are  limited  to  bodies  having  special  geometries,  the 
basic  numerical  method  developed  is  applicable  to  arbitrary 
three-dimensional  bodies. 

FORMULATION  FOR  VELOCITY  POTENTIAL 

In  the  analysis  of  forces  on  a submerged  body  in  steady 
motion  under  a linearized  free  surface,  Chang  and  Pien-  have 
shown  that  the  velocity  potential.  0O.  on  the  body  surface  Sg. 
can  be  expressed  simply  by 

0O(P)  = D(P)  + 0j(P)  (I) 

where  <>,  is  the  velocity  potential  defined  inside  the  body  surface 
Sg.  and  its  normal  derivative.  d$j(Pl/dn.  is  equal  to  the  prescribed 
normal  velocity  on  the  body  surface.  D(P)  is  the  normal  doublet 
distribution  on  the  body  surface  and  it  is  the  solution  of 

0j(Pl  = ^ JJ~  D(Q)  3G(P.Q)/3nQ  ds  , PonSB  Cl 
sn 

where  G(P.Q)  is  the  Kelvin  singularity  for  a moving  source  with 
0 denoting  the  field  point  and  P denoting  the  singular  point; 
ng  denotes  the  unit  normal  vector  at  0 on  Sg.  It  was  demon- 
strated in  reference  2 that  numerical  solutions  to  equation  ( 2 > 
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can  be  obtained  without  extensive  computations  Successful 
applications  of  this  model  were  made  to  the  calculation  of  the 
wave  resistance  and  lift  of  submerged  two  and  three-dimensional 
bodies.  In  the  analysis  of  time-dependent  problems,  it  will  be 
shown  in  the  following  that  the  velocity  potential  can  again  be 
expressed  by  equation  ( 1 1 while  equation  (2)  must  be  modified 
to  reflect  the  influence  of  the  time  dependence  of  the  free  sur- 
face. In  the  case  of  periodic  motions,  equation  (2)  does  not 
change  form  but  G(P.Q)  must  be  replaced  by  the  Kelvin  singu- 
larity for  an  oscillators  source  For  the  problem  of  a body 
accelerating  from  rest,  equation  (2i  will  become  a convolution 
integial  with  respect  to  time. 

Before  deriving  the  velocity  potential,  we  first  define  the 
quantities  necessary  in  the  derivation.  A submerged  body  is 
defined  by  its  surface  Sg  with  unit  normal  vector  n directed  into 
the  fluid  region:  (x.y.z)  and  (X.  Y.Zl  denote  the  space  coordi- 
nates with  respect  to  axes  fixed  in  space  and  the  body,  respec- 
tively: the  z-axis  is  taken  positive  upwards.  Initially,  the  two 
coordinate  systems  coincide  The  fluid  region  bounded  by  Sg. 
the  free  surface.  Sf.  and  surfaces  at  infinity.  S0,  is  denoted  by 
R(v  R,  denotes  the  space  inside  surface  Sg;  0o  and  0,  are  the 
velocity  potentials  in  Rn  and  Rj.  respectively ; g is  the  acceleration 
of  gravity. 

Let  G|  and  G;  be  two  given  harmonic  functions  defined  in 
both  Ru  and  R,.  We  let 

G,(P.Q)  = --  — (3l 

1 r rl 

which  is  singular  at  P.  and 

roo 

GjiP.Q.t.  t|  ) = 7.J  dk  (gk  l1  2 sin  (gk)1  2 (t  - tj  > 

J a 

x exp  {k|z(tl  - z0(t)l  [ Jq (kR(  1. 1,  l)  (4 1 

which  has  a finite  derivative  at  P:  (xit).  y(t),  z(t)l  and  (x  q(  1 1 ), 
y0(t, ),  Zq( t j ))  denote  the  positions  of  P and  Q,  respectively; 
t and  tj  (with  t > tj  > are  the  time  parameters.  Jq  is  a Bessel 
function  of  the  first  kind  and 

r2  = (x( t ) — Xq( 1 1 ))2  + (y(t)-y0(tj  l)2  + (z< t ) — Zq< t , l)2 

rj  = <x(  t > - xQ(  t , i)2  + (y<  t ) - y0< t j i)2  + (z(t)  + z0(t|  II- 


R2(t.  t, ) = (x(t)-x0(t,  i)2  + (yit)-y(t,  I)2 
From  Green’s  theorem  one  has, 

IG,  (P,  0)  30O(Q.  t)/3n 

sB  + s0 1 s, 

H0o(P).  PeRc 

(5) 

0 , Pe  Rj 

Mjr  I G j ( P.  Ql  30|< Q.  t,  »/3n 

SB 

| (°  • PtR0 

-0i(O.  t,  )dG.(P,  0)/3nl  dS>  = < (61 

> {^(P).  PeRj 

-ij  J[  |G2(P.Q.t,t1)*0(Q.t1)/an 

Wsr 

- 0O(Q.  t, ) 8G2(P.  Q.  1. 1,  >/3n]  ds|  = 0,  PeR0URj  (7) 


\ JJ  |G,(P.  Q.  1. 1,  )do,iO.  t,  t dn 


-®j(0.t|)dG,(P.0.t.t|  t 3n|  dS  j = 0.  PtRoLR,  (8> 
Addition  of  (5  l and  ihl  gives 


ii/'v 


iO>-0'Q>l  dG.iP.Q)  dn  dS 


|G|(P. Qldoo(Q)  dn-0o(0>3G|(P  O'  dn ] dS> 


JVP»-  P*Ro 

( 0,1  pi  . Pt  R, 


In  obtaining  this  result,  the  condition  that 
d0o  dn  = do,  dn 

on  the  body  surface  ha.  been  used.  Addition  and  integration 
over  time  of  < 7 1 and  (8)  give 

” J |^"l0o(Q.  t,  >-0,lQ.  t,  1 1 3G,l  P. Q.  t,  t|  )/dn  dS 


JJ  IGjlP.Q.t.tj  i 30o(Q.  t,  Pdn-0otQ.t,  )dG,(P.Q.  t. 1(  l 
Vs» 

/dn)  dS | dt j = 0 . PeR,UR0  (10 

It  can  be  proved14  that  at  any  given  instant  of  time  t,  the 
second  integrals  in  (9)  and  ( lOl  are  equal  but  of  opposite  sign 
Thus,  from  (9)  and  ( 10)  one  has 

i\II  10O(Q.  t ) — 0j( Q.  t ) | dGj(P,  Q)/dn  dS 

SB 

J JJ  |0o(Q,t,  )-0.  (Q.t, )]  dGjlP,  0,  t.  tj  )/dn  dS  dt,  | 


(0o(p.t). 

Ui<M) . 


On  the  free  surface  0 satisfies 


d20o/dt'  + g 30o/dz  = 0 


<t>0  = d0o/dt  = 0 at  t = 0 


Equation  (II)  implies  that 


0o(P,t)=D(P.t)  + 0i(P,t),  P on  Sg  (12) 


with  D being  the  solution  of 
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\ 5^ 


^ | JJniQ.UbGiiP.Q)  3n  dS 

SB 

•rif' 


DIQlt,  ».  t , ) 3G, (P(t|.  0<  I ! ).t.t|)  dn  dS  dl 


= 0j(P.  t),  PonSg  (13) 

Thus,  the  velocity  potential  on  the  body  surface  can  be  obtained 
from  the  given  inner  velocity  potential  in  the  same  manner  as 
for  steady  motion.  The  calculation  of  forces  on  the  body  sur- 
face is  thus  the  same  as  that  for  steady  motion.  I For  details, 
see  reference  2)  However,  due  to  the  presence  of  the  time 
integral  in  equation  (13).  the  numerical  solution  for  an  arbitrary 
unsteady  motion  is  very  difficult  even  with  this  representation. 

In  the  following  sections,  we  will  present  the  calculation  of 
unsteady  forces  on  an  arbitrary  body  satisfying  the  exact  body 
boundary  condition  but  with  either  an  approximated  free  surface 
condition  or  special  motions  wherein  the  time  integration  in 
equation  (13)  is  simplified. 

DEEPLY  SUBMERGED  BODY  UNDER  WAVES 


form 


The  velocity  potential  of  the  wave  field  is  written  in  the 


Cq  -J~  J S<  w.fl  lexp  | i|k(x  cos  9 ♦ y sin  A) -cut  | ♦ kz  | dfldcj 


or 


0|  = - - S(uiv . fly  lexp  J i kNi  \ cos  Ay 


^ \ si  n ^ 


where  u;  is  the  wave  frequency,  k = gj-  g is  the  wave  number. 

A is  the  direction  of  wave  propogation.  and  Sluj.Al  is  the 
complex  amplitude  of  the  wave  potential.  The  total  velocity 
potential  0O  + Oj  on  a body  moving  sufficiently  deep  under  this 
wave  field  is  given  by  equation  (14),  i.e. 

0o(P.t>  + 0|(P.  1 1 = D(P.  tl  + 0lM(P.  tl  . Pon  SB 
where  from  equation  (13).  D is  the  solution  of 


S(w.  A lexp  | 1 1 hx(  P.  t ) cos  A + ky(  P.t ) mii  A 


The  easiest  way  out  of  the  complicated  time  integration  in 
equation  (13)  is  simply  to  drop  it  completely.  This  is  physically 
meaningful  when  one  considers  a body  moving  deeply  under 
waves;  in  this  case  the  major  forces  acting  on  the  body  are  the 
exciting  forces  due  to  the  incoming  waves.  Here,  the  forces  due 
to  body-generated  free-surface  disturbances  are  small  in  compari- 
son to  the  exciting  forces.  The  approximate  wave  exciting  forces 
obtained  by  Cummins4  employed  the  same  simplification,  in 
addition  to  the  slender  body  approximation.  However.  Havelock's 
analysis  satisfied  the  boundary  condition  on  the  spheroid  exactly. 
The  results  of  Newman^  for  ellipsoids  were  obtained  from 
generalized  "Haskind  relations"  through  the  use  of  an  approxi- 
mate radiation  potential  in  the  far  field.  However,  it  can  be 
shown  that  the  results  arc  equivalent  to  utilization  of  a simplified 
Kernel  and  an  exact  boundary  condition  on  the  ellipsoids.  The 
following  analysis  outlines  the  fundamentals  of  the  present 
method  for  evaluating  the  wave  exciting  forces  on  a arbitrary 
captive  body  and  the  motions  of  a free  body  under  waves, 
assuming  that  the  time  integration  in  equation  (13)  may  be 
neglected. 

Let  0 | be  the  initial  potential  field  of  the  fluid  in  the 
absence  of  the  body.  With  0S  = -0|  it  follows  that 


+ kzlP.  1 1)  dfldcu  + 0,x,j < P.  i ) 

sB  .15. 

SB 

The  time  derivatives  of  equations  < 14)  and  (15)  are.  respective!) . 
d d 

^ |0O(P,  t)  + 0|(P.t)|  = ^ lD(P,tl  + 0jM(P.l)|  . PonSg  (16) 
and 


2?  c i 

-J7I 


Ay  dy 

:+kcos0 — *k 


k— le\p|  1 1 k\(!\  UconO 


+ y<  P.  t ) sin  fl ) - cut  | + kz<  p.t)}  dfldoj  + d«J>iMl  P.  t )/3t 

= 4rr  If 3D(Q-,*/3t  3 j /3nQ  dS(Q)  , PonSg 


30o/3n  = 30j/3n  = - 30|/3n  + 0jM /3n 
and 

3(0O  + 0|)/3n  = 30iM/3n 

on  Sg . where 

*>M  = t (Ujg0N  + * 

N»  1 

is  the  inner  velocity  potential;  (U1.U2.U3)  and  (12  j . ^3) 

are  the  translatory  velocity  and  rotational  velocity  of  the  body, 
respectively,  and  (0j, 03,03)  and  <Xj.X2.X3)  are  the  corre- 
sponding inner  velocity  potentials  for  unit  body  velocities  UN 
and  f2sj.  respectively  (for  details  see  reference  2).  Hence. 

0q  + 0|  is  the  velocity  potential  of  the  fluid  when  the  body 
boundary  condition  is  specified  by  30jjq/3n.  It  follows  from 
equation  (12)  and  the  definition  of  0j  that  0O  + 0j  on  the  body 
surface  becomes 

0O  + *,  = D + 0j  + 0,  = D + 0jM  (I4) 

Since  0^  and  Gj  are  known  once  the  body  surface  Sg  is  defined, 
the  numerical  solution  of  D from  equation  (13)  is  straight  for- 
ward for  a simplified  Kernel.  The  numerical  solution  of 
0O  + 0j  on  an  arbitrary  body  moving  in  a given  potential  field 
can  be  obtained  with  no  complications. 


It  is  seen  from  equations  (16)  and  (17)  that  the  acceleration 
potential.  3|0o(P.t)  + 0j(P.t)|/3t  is  a function  of  not  only  the 
acceleration  potential  of  the  relative  field,  i.e.  the  terms 
associated  with  gj  and  with  the  motion  30j|q/3t.  but  is  also  a 
function  of  the  coupling  between  the  motion  and  the  wave  field, 
i.e.  the  terms  associated  with  the  product  of  k and  3x/3t,  etc. 

By  examining  equation  (17)  one  sees  that,  for  a captive  body 
moving  in  a wave  field  (where  the  positions  and  motions  of  the 
body  are  specified)  the  contribution  from  the  waves  to  the 
acceleration  potential  is  the  linear  superposition  of  contributions 
from  each  individual  wave.  However,  for  a free  body,  a coupling 
effect  between  the  waves  is  present  through  both  the  I'osition  of 
the  body  and  its  motions. 

In  an  irrotational  field,  the  pressure,  p.  on  a body  surface 
can  be  expressed  in  terms  of  the  velocity  potential  through 
Bernoulli's  equation, 

p = p ^3(0O  + 0|)/3t  --^q*  + i V‘  + c(t)J  (18) 

where  p is  the  density  of  the  fluid,  q,  and  V are  the  magnitudes 
of  the  velocities  of  the  fluid  relative  to  the  moving  body  surface 
and  the  velocity  of  the  body  surface,  respectively,  and  cltl  is  the 
Bernoulli  constant  which  contributes  no  net  force  to  the  body. 
Equation  (18)  can  be  expressed  in  terms  of  D,  in  the  same  form 
as  for  steady  translation  motions, ^ i.e. 

P< t ) = p [3(D  + 0iM)/3t-i  | -Vs(D  + 0jM)-Vs|2  + iv2+c(t)](l9i 
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where  Vs  is  the  gradient  along  the  body  surface  and  V5  is  the 
velocity  tangent  to  the  body  surface.  The  total  force  acting  on 
the  body  can  thus  be  obtained  from  integration  of  equation  ( l*>) 
over  the  body  surface  after  the  distribution  function  D is  obtained 
from  ( 14 1 and  ( I Si. 

NUMERICAL  RESULTS 

With  the  previously  discussed  formulation,  a computer 
program  was  developed  for  calculating  both  the  hydrodynamic 
forces  and  the  wave-excited  motions  of  a submerged  body  Some 
sample  calculations  as  well  as  comparisons  with  the  corresponding 
results  of  others  are  given  in  the  following. 

a.  Hydrodynamic  Forces  and  Moments 

Havelock5  investigated  wave-excitation  forces  and  moments 
for  a spheroid  from  integration  of  the  pressure  on  the  body 
surface.  To  the  first  order  of  wave-slope  parameter,  the  forces 
and  moments  on  a spheroid  moving  with  constant  speed  under  a 
train  of  regular  waves  are  given  in  reference  5.  The  heaving 
force.  F2.  pitch  moment,  Fzz,  and  yaw  moment.  Fyy,  for  a 
spheroid  of  fineness  ratio  0.3  were  calculated  according  to 
Havelock.5  The  solid  lines  in  Figure  1 are  for  the  spheroid 
moving  under  a wave  whose  wave  length.  X,  is  twice  the  length 
of  the  spheroid.  L.  In  the  figure  the  forces  and  moments  are 
presented  as  a function  of  incident  wave  angle.  (3.  for  two  Froude 
numbers  F = u/^/gL  = 0 and  0.5.  They  are  plotted  in  the  non- 
dimensional  form  of 

Fz/(pgA"  L(h/X)exp(- 2rrll 'X)|. 

F/z/|pgA-  L-(h/X)exp(~  27rH/X)|  . 

etc.  where  A-  is  the  cross  section  area  of  the  spheroid,  h is  the 
wave  height,  and  II  is  the  submergence  depth  of  the  center  of  the 
spheroid.  The  forces  and  moments  on  the  spheroid  have  also 
been  calculated  from  the  present  computer  program.  The 
numerical  results,  obtained  from  representing  the  spheroid  by 
sixty-eight  panels,  are  plotted  in  Figure  I as  symbols.  In 
comparison  with  the  results  calculated  by  Havelock,  the  present 
results  are  very  good  at  zero  Froude  number  for  both  force  and 
moments.  At  a Froude  number  of  0.5  the  comparison  between 
computed  heaving  forces  at  larger  0 is  not  as  good  as  that  at 
zero  Froude  number  while  the  comparisons  between  moments 
agree  quite  well. 

The  present  method  permits  calculation  of  the  pressure  with 
the  inclusion  of  the  pressure  contributed  from  the  perturbation 
velocity  squared  term  retained  in  Bernoulli's  equation.  The  force 
associated  with  this  pressure  is  in  the  form  of  the  square  of  the 
wave-slope  parameter,  i.e.,  (h/X)-  exp(-4rrH/X).  Thus,  the 
second-order  contribution  to  the  force  is  small  if  the  wave-slope 
parameter  is  small.  However,  the  ratio  of  this  force  to  the  first- 
order  force  may  not  be  small,  because  at  certain  wave  lengths 
and  Froude  numbers,  while  the  first-order  force  approaches  zero, 
the  second-order  force  does  not.  The  second-order  heave  force 
contributes  a mean  lift.  It  is  called  “suction  force."  We  have 
calculated  the  heave  force  with  the  inclusion  of  second-order 
pressure.  It  is  also  plotted  in  Figure  1 for  F = 0.5  and  H/L  =0.3. 

It  is  seen  that  the  difference  between  the  second-order  force  and 
the  first-order  force  ranges  from  a couple  of  percent  to  fifteen 
percent  lor  the  cases  calculated.  This  difference  will  become 
smaller  when  the  depth  of  submergence  increases,  and  become 
larger  when  the  Froude  number  increases. 

Cummins4  calculated  the  hydrodynamic  forces  on  slender 
bodies  of  revolution.  One  of  the  bodies  he  used  to  demonstrate 
his  technique  is  shown  as  Figure  2a.  This  is  a slightly  noil- 
symmetric  body  and  is  generated  from  Legendre  polynomials.4 
Non-dimensional  values  of  surge  and  heave  forces  on  this  body  of 
revolution  were  calculated  by  Cummins  and  are  shown  as  solid 
lines  in  Figures  2b  and  2c,  respectively.  Both  of  the  curves 
shown  are  independent  of  Froude  number.  The  corresponding 
nondimensional  forces  calculated  from  the  present  method  with 
sixty-eight  panels  are  plotted  as  symbols  in  the  same  figures. 

The  present  calculations  of  surge  force  also  show  that  surge 
force  is  independent  of  Froude  number.  The  surge  forces,  in 


comparison  with  the  slender  body  approximation  of  Cummins,  are 
consistently  higher.  The  surge-force  discrepancy  between  the  two 
calculations  increases  from  a few  percent  at  wave  lengths  larger 
than  the  body  length  to  fifteen  percent  at  wave  lengths  equal  to 
the  body  length.  The  discrepancy  increases  further  with 
decreasing  wave  length,  over  the  range  where  the  surge  forces 
become  small.  I he  present  calculations  of  heave  forces  do  not 
tall  on  one  single  curve  as  is  predicted  from  the  slender-body 
approximation.  The  results  obtained  for  Froude  numbers  -0.5. 

0.  and  0.5  are  plotted  in  Figure  2c  At  first-order,  the  non- 
dimensional  heave  force  is  weakly  dependent  on  Froude  number 
lor  long  waves.  In  comparison  with  the  results  of  the  slender- 
body  approximation,  the  first-order  heave  forces  are  a little  lower 
lor  long  waves  and  higher  for  short  waves.  The  total  second-ordei 
heave  force  in  Figure  2c  shows  strong  I roude-numbcr  dependence 
lor  short  wave  lengths.  This  is  because  of  the  nondimensional 
laetor  ( 1 + L 2ci  where  c is  the  phase  velocity  of  the  waves.  For 
a given  wave,  this  laetor  decreases  with  decreasing  speed  l . Thus, 
the  second-order  non-dimensional  force,  which  is  independent  ot 
U,  is  amplified  for  shorter  waves  (i.e..  smaller  cl  at  a negative 
Froude  number  of  -0.5.  Experimental  values  of  heave  force  for 
a body  similar  to  that  shown  in  Figure  2a  were  compared  to  the 
results  of  the  slender-body  approximation.*  It  is  included  in 
this  paper  as  Figure  2d.  The  experimental  results  agree  with  the 
slender-body  approximation  quite  well,  but  do  show  a tendency 
of  being  higher  than  the  theoretical  curve  for  values  of  trL  X larger 
than  1.5.  The  comparison  of  the  slender-body  approximation  to 
the  experimental  results.  Figure  2d.  resembles  the  comparison 
with  predictions  by  the  present  calculation  method.  Figure  2c. 
Nevertheless,  when  considering  possible  experimental  errors,  we 
are  not  able  to  draw  any  definite  conclusions. 

The  previous  calculations  are  for  a body  moving  uniformly 
under  waves.  The  present  method  can  also  calculate  the  forces 
and  moments  on  a body  moving  with  time-dependent  motions 
To  demonstrate  the  capability  of  calculating  the  forces  on  a body 
during  a maneuver,  the  forces  and  the  moments  were  evaluated 
for  a spheroid  turning  with  considerable  horizontal  angular 
velocity . Figure  3 shows  the  trajectory  and  hydrodynamic  forces 
and  moments  on  this  spheroid  maneuvering  under  a wave  propa- 
gating in  the  x-direction  with  h/X  = 0.05  and  X L = rr.  The 
spheroid  was  located  0.3L  beneath  the  free  surface  and  its  fine- 
ness ratio  was  0.3.  The  spheroid  was  turning  in  the  horizontal 
plane  with  constant  translational  velocity  of  0,25  at  zero  pitch 
angle.  The  yaw  velocity,  ojj,  of  the  spheroid  was  specified  by  . 


0 . 

(2g/L)l/2  t <- 24 

and  1 2g 

l l1  2 t>-X 

0.05  sin 

Int  2g/l.)l/-  t/X  + it  | . 

- 24  ( 2g 

l **/2  t<-2i 

-0.05  sin 

1 rr(  2g,  Ll'' 2 t'K  + 7r  | . 

- 1 2<  l 2g 

Li1  2 t«-X 

The  spheroid,  thus,  was  turned  from  following  the  wave  to 
approximately  142.5  degrees  to  the  wave.  The  time  series  of  the 
y-component  of  force  and  moment  clearly  reflect  this  change  of 
headings:  Fy  and  F/z  are  identically  zero  in  the  beginning, 
because  the  spheroid  is  following  the  wave.  As  the  spheroid 
turns,  the  amplitudes  of  Fy  and  Fzz  increase  w ith  decreasing 
heading  angle.  The  changes  in  F\ . F,  and  I vy  arc  not  significant 
miring  this  maneuver.  This  is  because  these  forces  and  moments 
vary  slowly  with  heading  when  a spheroid  is  under  long  waves 
and  at  large  heading  angles. 

b.  Wave-excited  Motions 

The  presence  of  wave  forces  will  introduce  body  motions 
unless  external  forces  are  applied  These  wave  perturbating 
motions  can  be  evaluated  from  the  equations  of  motion  once  the 
exciting  forces  are  calculated.  The  perturbating  motions  and  the 
wave  exciting  forces,  in  general,  have  to  be  calculated  simultan- 
eously. Since  the  wave  exciting  forces  depend  on  the  positions 
and  motions  of  the  body  relative  to  the  waves,  they  can  only  he 
calculated  after  one  knows  the  perturbating  motions  ol  the  body 

The  present  computer  program  calculates  the  wave  exciting 
forces  and  motions  by  numerically  integrating  the  equations  ol 


The  experimental  results  are  front  unpublished  data  of  David  W.  Taylor  Naval  Ship  Research  and  Development  Center. 
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motion  using  a two-point  Runge-Kutta  method.  Figures  4a  and 
4b  show  the  surge  and  heave  motions  and  surge  forces  for  the 
body  whose  profile  is  given  in  Figure  2;  both  figures  were  calcu- 
lated for  the  body  submerged  at  a depth  0.3  L and  under  a wave 
of  wave  length  2irL/3  propagating  along  the  body  axis.  Figure 
4a  is  the  resulting  drift  of  the  body  when  it  is  only  free  to  have 
a surge  motion.  It  is  seen  in  the  figure  that  the  surge  force  is 
periodic  and  is  little  influenced  by  the  surge  motion.  The 
resulting  drift  is  the  sum  of  a constant  drift  and  a periodic  drift. 
The  amplitude  of  the  periodic  drift  is  constant  since  the  body 
was  fixed  at  a constant  depth.  The  constant  drift  is  the  result 
of  the  initial  condition.  By  releasing  the  body  at  a different 
time  with  respect  to  the  wave,  one  can  hold  the  magnitude  of 
the  drift  at  zero  or  some  other  value.  Figure  4b  is  for  the  same 
conditions  as  Figure  4a  except  that  the  body  is  also  free  to  have 
heave  motions.  It  is  seen  that  the  amplitude  of  the  surge  force 
is  no  longer  a constant  but  decays  with  time.  This  is  because 
the  heave  motion  takes  the  body  deeper  under  the  wave  and  in 
turn  it  reduces  the  amplitude  of  the  surge  force  and  surge  motion. 
The  constant  drift,  in  Figure  4b.  is  negative  in  contrast  to  its 
being  positive  in  Figure  4a,  This  is  because  the  body  was 
released  at  a different  time  as  has  been  discussed  previously. 

Figures  4a  and  4b  presented  the  perturbation  motions  of  a 
body  under  a regular  wave  train.  The  results  show  the  coupling 
between  the  motion  and  the  force;  heave  perturbations  reduce 
the  surge  force  through  the  change  of  depth  and  in  turn  reduce 
the  surge  motion.  When  a body  is  under  irregular  waves  the 
perturbating  motions  due  to  one  wave  can  influence  the  exciting 
forces  due  to  the  other  waves;  the  perturbation  motion  of  the 
body  generated  by  one  wave  changes  the  positions  of  the  body 
relative  to  the  other  waves.  This  can,  in  turn  affect  the  nature 
of  the  exciting  force  on  the  body  caused  by  other  waves.  The 
perturbating  motions  of  the  spheroid  under  one  regular  wave 
train  and  two  regular  wave  trains  were  calculated.  The  effect  of 
wave  coupling  on  yaw  instability  is  shown  in  Figure  5. 

In  the  calculations  shown  in  Figure  5,  the  first  wave  train 
had  a wave  length  of  rrL  propogating  in  the  x-direction  (wave  I) 
and  the  second  wave  train  had  a wave  length  of  2L  propogating 
in  a direction  at  70°  to  the  x-axis  (wave  II).  The  relative  phase 
angle  of  these  two  waves  was  zero  at  time  zero.  The  spheroid 
was  initially  held  steady  under  the  waves  with  body  axis  parallel 
to  the  x-axis.  It  was  then  released  with  freedom  to  undergo 
horizontal  motions.  The  broken  and  dotted  lines  in  Figure  5 are 
the  motions  and  forces  when  the  spheroid  was  under  each  wave 
alone.  The  solid  lines  are  for  when  the  spheroid  was  under  the 
irregular  sea  of  both  v-aves.  Since  wave  I propagated  in  the 
direction  of  the  body  axis,  the  perturbations  U2  and  S2j,  due  to 
wave  I alone  are  identically  zero,  while  Uj  is  the  sum  of  a 
periodical  motion  and  a constant  drift.  Wave  II  was  at  an  angle 
of  70°  to  the  body  axis.  With  the  spheroid  under  this  wave,  U| 
is  small;  because  of  the  incidence  angle  of  wave  II,  the  pertur- 
bating motions  of  U2  and  Slj  were  significant.  It  is  seen  that 
for  this  case  the  yaw  angle  of  the  body  was  turned  approximately 
23°  at  nondimensional  time.  v/2g/Lt , equal  to  28.  One  can 
also  see  in  the  figure  that  the  periodic  part  of  the  yaw  motions 
decreases  when  the  spheroid  is  turned  close  to  perpendicular  to 
the  wave.  The  effect  of  wave  coupling  on  the  exciting  motions 
of  the  spheroid  can  be  seen  from  the  comparison  of  the  solid 
line  to  the  broken  and  dotted  lines  in  the  figure.  It  is  seen  that 
the  solid  line  for  Uj . which  is  the  result  for  the  irregular  wave 
field,  is  approximately  the  sum  of  the  other  two  lines  while  the 
solid  line  for  U2  deviates  little  from  the  dotted  line  at  the 
beginning  and  becomes  smaller  as  time  goes  on  and  the  body 
turns.  This  is  because  the  surge  force  is  weakly  dependent  on 
the  relative  angle  of  the  body  to  the  waves  while  the  sway  force 
is  strongly  dependent.  The  yaw  motion  of  the  spheroid  under 
the  irregular  wave  field  is  significantly  different  from  the  sum  of 
the  yaw  motions  under  Waves  I and  II.  individually,  while  the 
yaw  force  due  to  Wave  I is  no  longer  identically  zero;  it  was 
zero  initially  until  the  amplitude  of  the  yaw  force  started  to 
increase  when  the  spheroid  was  rotated  by  Wave  II.  Because 
these  two  waves  have  different  frequencies  but  the  same  phase 
angle,  the  resulting  yaw  force  at  the  beginning  was  larger  than 
that  under  wave  II  alone  and  then  became  smaller  as  the  two 
waves  approached  being  out  of  phase.  Under  irregular  waves 
the  yaw  angle  was  only  1 1.5°  at  a nondimensional  time  of  28. 


which  is  only  half  of  the  rotation  caused  by  Wave  II  alone.  The 
presence  of  wave  I acted  as  a yaw  stabilizer  for  this  calculation. 

The  coupling  effect  of  the  waves  on  the  motions  of  a body  de- 
pends upon  the  initial  condition  of  the  body  as  well  as  the  relative 
phase  angle  of  the  waves.  If  in  the  above  calculations.  Wave  I is 
shifted  by  180°  in  phase  angle,  that  is.  the  two  waves  are  out  of 
phase  at  the  beginning  and  were  in  phase  when  the  yaw  force 
from  wave  I becomes  significant,  then  one  can  expect  that  the 
yaw  force  will  be  amplified  and  the  yaw  motion  will  be  much 
larger  than  that  generated  by  wave  II  alone.  The  yaw  angle 
resulting  from  a 180°  phase  shift  of  wave  I is  given  as  Figure  6. 

It  is  seen  that  the  spheroid  was  turned  to  a 23.0°  heading  sooner. 
It  is  also  seen  that  the  rotation  of  the  spheroid  is  due  to  wave  11 
(low  period)  at  the  beginning  and  due  to  wave  1 (longer  period) 
later  when  the  spheroid  turns  nearly  90°  to  wave  II  and  20°  to 
wave  I. 

SUBMERGED  BODY  MOVING  UNDER  WAVES  WITH 
FORCED  OSCILLATORY  MOTION 

In  the  previous  section  we  evaluated  the  wave  exciting 
forces  on  a deeply-submerged  body  when  the  time  integral  in 
equation  (13)  is  negligible.  In  the  case  of  a body  moving  under 
waves  near  the  free  surface,  the  free-surfacc  effects  on  the 
scattering  potential  may  still  be  small  but  the  free-surface  effects 
on  the  velocity  potential  associated  with  the  forced  motion  of 
the  body  may  not  be  negligible.  For  these  velocity  potentials 
one  has  to  include  the  time  integral  term  in  calculations.  The 
present  method  can  be  used  to  calculate  the  forces  on  a body 
undergoing  forced  oscillations  in  uniform  translation  under  free- 
surface  waves. 

Let 


Vt>  = *ou<t»  + lWt>  + 'i;’oS(,>  + ,Vt> 
and 


0i(t)  = 0iu(t)  + 0iT(t)-0w(t) 

where  0OU  and  0ju  are  the  outer  and  inner  velocity  potentials  due 
to  steady  motion,  respectively,  0ol-  and  0jp  are  potentials  due  to 
forced  oscillatory  motion,  0W  is  the  known  potential,  and  0OS  is 
the  scattering  potential.  Then,  to  the  lowest  order  of  approxima- 
tion, the  linearized  free  surface  condition  is  given  by 

32  [0ou(t)  + 0oT<t>1  /'3,:  + g3l«ou(t)  + ^oT(t)1  /3z  = 0 (21  > 

Where  the  scattering  potential  0?s  of  a submerged  body  is  consi- 
dered small  and  is  neglected.  It  is  shown  by  Havelock12’ 15  that, 
if  the  perturbation  to  the  body  position  due  to  oscillations  is 
neglected,  the  time  integral  of  equation  (13)  can  be  integrated 
analytically.  In  the  present  approach  the  values  of  0OS.  0OU  and 
0OT  on  the  body  are  given  by 

0 = D - 0 

M>S  S MV 

0 = D +0-  (22) 

you  U MU 

0ot  = (dTc  cos  001  + dTs  sin  tJt)  + 

where  to  is  the  frequency  of  oscillation,  and  Ds,  Du,  Dpc  and 
D-ps  are  solutions  of  the  equations 


= J]~Ds(Q-i)d  (p-)/3ndS(Q),  PonS 


*h,<P.t)  = ^yy  Du(Q)3Gu/3„dS(Q>,  PonSB  (23) 

\ 


and 


0iT(P,t)=^Re  ^I)Tc<Q)+iDTs)dGT/3ndS(Q)  , 


P on  Sg 
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In  equations  (23).  Gu  is  the  Kelvin  singularity  for  a moving 
source  and  Gy  is  given  by 


where 


- 7T  - 

+J~2  <loJ~dk  F<0,ki+y^2  d oj dk  F(0.kijj  (2 


that  the  body  moves  at  a constant  mean  horizontal  velocity  with 
prescribed  small  oscillatory  motions:  the  time  convolution  for 
this  case  can  be  integrated  analytically  as  shown  by  Havelock.14 
Numerical  integration  of  the  Kernel  function  is  not  much  more 
complicated  than  for  the  case  of  steady  motion.  Investigations 
of  wave  exciting  forces  on  bodies  near  a free  surface  will  be  the 
subject  of  future  work. 

The  motions  calculated  were  due  entirely  to  wave  forces 
without  considering  viscous  effects.  These  effects  can  be  incor- 
porated into  the  equations  of  motion  once  the  functional  form 
of  the  viscous  forces  is  determined. 


and 


(0  if  UtJ<g/4 

(arc  cos  (g/4Uco)  if  Ucu>g/4 


Acknowledgements 


This  work  was  performed  under  the  Naval  Sea  Systems 
Command  General  Hydrodynamic  Research  Program.  Task  Area 
SR  023  0101.  Program  Element  6II53N,  Work  Unit  1521-027. 


F(Q,  k)  = kexp(k(z-z0)  + i(x-xo)cos0 


+ icy  - yD ) sin  0 1 /[ gk  - (UJ  + ku  cos 0 )2 1 

The  calculation  of  0OS  was  discussed  in  a previous  section 
and  the  calculation  of  0OU  has  been  given  in  Reference  2.  From 
examination  of  equation  (24)  it  is  seen  that  the  calculation  of 
0oT  is  not  difficult  in  comparison  to  the  calculation  of  0OU  as 
longastuU/g  is  not  close  to  1/4.  The  present  approach  can  thus 
be  used  to  calculate  the  forces  on  a body  undergoing  forced 
oscillations  near  a free  surface.  Figure  7 shows  the  computed 
damping  coefficients  for  a spheroid,  which  agree  well  with  the 
results  of  Havelock.12 

Finally,  it  should  be  stated  that  the  calculations  presented 
here  were  done  in  the  same  manner  they  would  be  done  for 
bodies  of  arbitrary  shape.  A detailed  study  of  wave  exciting 
forces  on  bodies  near  a free  surface  will  be  the  subject  of  future 
work. 


CONCLUDING  REMARKS 

The  inner-potential  doublet-distribution  method  proposed  by 
Pien  and  Chang15  for  steady  body  motions  has  been  extended  in 
the  present  paper  to  unsteady  body  motions  under  a free  surface 
with  waves.  The  resulting  system  of  equations  to  determine  the 
velocity  potential  for  unsteady  motion  are  similar  to  those  for 
steady  motion.  Although  this  approach  has  advantages  over  the 
sink-source  distribution  method,  numerical  evaluation  of  the 
velocity  potential  on  an  arbitrary  body  with  an  arbitrary  unsteady 
motion  is  not  easy:  the  time  convolution  integral  in  equation  (13) 
can  be  very  time  consuming  for  an  arbitrary  motion.  Thus,  the 
advantages  of  the  present  approach  over  other  non-singularity 
methods  are  not  obvious.  For  special  cases  when  the  time 
integration  can  be  evaluated  analytically,  such  as  for  oscillatory 
motions,  the  present  approach  has  proved  very  useful. 

For  a body  moving  in  a given  potential  Field,  the  influence 
of  body-generated  free-surface  disturbances  on  the  body  will  in 
some  cases  be  small  in  comparison  to  the  influence  of  the  initial 
potential  field.  In  such  cases,  the  time  integral  in  equation  (13) 
may.  thus,  be  neglected.  A method  fc.  -alculating  the  wave 
exciting  forces  and  wave-excited  motions  of  a deeply-submerged 
body  moving  under  waves  has  been  presented.  The  wave  exciting 
forces  on  a body  moving  steadily  under  regular  waves  were 
calculated  and  compared  with  corresponding  results  of  Cummins4 
and  Havelock.5  The  numerical  calculations  indicate  that  the 
present  method  can  obtain  accurate  predictions  of  forces  and 
moments  with  a small  number  of  control  panels.  Also,  the 
calculations  show  that  a slender  body  approximation  is  quite 
good  even  for  body  fineness  ratios  of  0.3. 

Wave-excited  motions  of  a body  moving  under  wave  trains 
were  calculated  for  both  regular  and  irregular  waves.  The  wave- 
coupling effect  on  the  excited  motions  was  discussed.  The 
results  for  the  yaw  motions  demonstrated  the  importance  of  the 
wave  coupling  in  yaw  instability.  Figures  5 and  6 show  that 
one  is  able  to  turn  the  motion  from  stable  to  unstable  by  simply 
changing  the  relative  phase  of  the  waves. 

The  calculation  of  wave  exciting  forces  for  a body  moving 
near  a free  surface  under  a regular  wave  is  not  difficult  provided 
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Fig.  la:  Pitch  and  yaw  moments  on  a spheroid  of  beam-length 
ratio  0.3  under  regular  waves  with  / = 2L 
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Fig.  2a:  A dimension  less  profile  for  a body  of  revolution 
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Fig.  2b:  Surge-force  on  a body  of  revolu'ion  in  2a 


— 

Cummin*  4 

F-0.5  F-J0.5 

F-0  -i 

, 0 O 

% Totoi  Fore* 

< Present 

\-  □ A 

a First  Order  Only 

( Result 

Fig.  2c:  Heave-force  on  a body  of  revolution  in  2a 


Fig.  1b:  Heave-force  on  a spheroid  of  beam-length  ratio  0.3 
under  regular  waves  with  / = 2L 
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Fig.  2d:  Comparison  of  theoretical  heave-force  with 
experimental  results  of  body  of  2a 
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Fig.  6:  Yaw  angle  of  a spheroid  under  waves  as  for  Fig.  5 but 
with  relative  wave  phase  angle  changed 


Fig.  7:  Ratios  of  damping  coefficients  for  pitch  and  heave  to 
that  of  strip  theory  for  a submerged  spheroid  of  1 :8 
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Discussion  on  Paper  by  J.  N.  Newman 


G.  C.  Lei 

Professor  Newman  did  an  important  service  in  ty- 
ing together  so  many  general  theorems  in  water 
waves.  Especially  interesting  is  his  adroit  use 
of  Kochin  function  which  makes  it  easy  to  treat 
two  and  three-dimensional  cases  at  once. 

Although  the  mathematical  elegance  is  evident, 
Kochin  function  is  probably  not  a familiar  tool 
to  many  workers  in  the  West.  From  earlier  liter- 
ature it  is  clear  that  if  one  is  only  interested 
in  two-dimensions  the  direct  use  of  the  asympto- 
tic forms,  such  as  Eqs.  (34)  and  (35)  in  Newman's 
paper  [1]  is  more  straightforward.  For  three- 
dimensions  the  more  universal  idea  of  Green's 
function  can  be  equally  effective,  as  has  already 
been  applied  by  Maruo  (cited  in  [1])  to  deduce 
Eq.  (43)  [1]  which  corresponds  to  the  "optical 
theorem"  in  quantum  mechanics.  It  is  easy  to  de- 
duce Eq.  (49)  [1],  the  reciprocity  theorem,  in  a 
like  manner.  For  purely  pedagogic  reasons  we 
shall  use  Green's  function  to  rederive  Eq.  (48. b) 
[1]  which  relates  the  scattering  and  the  radia- 
tion problems.  In  addition,  an  analogous  result 
in  accou8tics  will  be  given. 


ALTERNATIVE  DERIVATION  OF  EQ.  (48.b)[l] 

Let  us  define  Green's  function  G(S|x  ) by  the  fol- 
lowing conditions: 

AG  = 6 (x  - x)  -h<z<0 
o 


•Ip  - AG  = 0 z = 0 

3z 


Dr 

AF  - lkG)  -*•  0 kr  » 1 (l.a,b,c,d) 

where 

A “ (s2/g  k tanh  kh  = A 

The  solution  is  well  known  (see  John  [2]).  We 
only  need  the  asymptotic  expression  for  large 

kr  » (1,  kr^)  where  r2  = x2  + y2  and  r2  - x2 

+ y2.  Using  the  fact  that  | (x-x  )2  + (y-y  )2]^2 
o o o 


= r - r cos(8  - 6 ) for  r /r  « 1 where 
o o o 

x = r cos0,  y = r sin9,  it  is  easy  to  deduce  from 
John  [2]  that 

-+  -*  _ i (kr-TT/ 4) 

G(x|x  ) = C cosh  k(z  + h)coshk(z  + h) 


AF 


ikr  cos  (8  - 0 ) 
o o 


(2) 


where 


C - - 


Air  (A2  + k2)h  - A 


(3) 


Let  denote  the  potential  of  the  incident  wave 
with  unit  amplitude  and  direction  a: 


(x|a)  = b cosh  k(z  + h)e 


ikr  cos(0  - a) 


with  b ■ 


(Jj  cosh  kh 


(4) 


Let  <(>  be  the  total  potential  for  the  scattering 
problem  with  the  special  incidence  angle  a = 0, 
and  0 be  the  radiated  wave  potential  due  to 

forced  motion.  From  Eq.  (14) [1]  we  have 

3<t>D 


ff  d*R 

(*  3i r- 

J J n 


> )dS  + 
R dn  o 
o 


ff  * 

^ 3n 

' ' n 


dS 


(5) 


B 


where  4 = <J>(xo) , 4^  = ^(j^)  inside  the  integrals. 
A similar  equation  holds  with  ^ being  replaced 

* k 

by  its  complex  conjugate  Since  for  a rigid 

3<t&  3<1r 

body  we  may  take  — — = — — = real  on  S„,  it  fol- 
’ 3n  bn  B 

o o 

lows  that 

3<t>, 


| (*  ST-  *Rlf-)dSo  " Ij  (*  3^  - *R  !^dS, 

* n o J J o o 


(6) 


c c 

Now  let  4>  = (x  1 0)  + <j>g  where  4,,  is  the  scattered 
wave  potential  which  satisfies  Eq.  (l.d).  It  is 
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readily  shown  Chat 


ting  9 ■ 0 we  obtain 


J ^i^o1 


0)1^-*Rls*i(*ol0)ldSo- 

o 


-||  M0l°>^r-  <lr*i^ol0)ldso 

• * o ft 


rr  (6  !!»  /!!s.dS 

j (*S  3n  $R  3n  )dS 

' _ ft  ft 


(7) 


Define  the  far  field  amplitudes  by 


— 1 

-©■ 

w 

■ 

rve>i 

* 

<x> 

> 

b cos  hk(z  + h)  (kr)  • 
exp(ikr  -in/4),  kr  » 1 (8) 


The  last  integral  in  Eq.  (7)  is  easily  seen  to  be 
2_ 


-i|b| 2(h  + j sinh2kh) 


As\ 


d6 


(9) 


Applying  Green's  formula  to  <(>R  and  G to  the  vol- 
ume bounded  by  S , S , S_  and  the  bottom  we  get 
L d r 

v*; ■ |{  (*Ri--4R)dso  (io) 

1 1 - o o 

bB 

In  the  far  field  kr  » 1,  Eq.  (2)  may  be  used  to 
give 


A ' ’ A C _►  . 

Ar(°)  - {«R  3iT^i(Xol°>  - VXol0)3^}dS 

« O 


(14) 


Since  from  Eq.  (4),  $ (x  |0)  » - $^(*0l'n)  it  fol- 
lows by  letting  0 - Tr  in  Eq.  (13)  that 

“ ■Lfec“  AR(1T>  " {$r!t  $i(xol0) 

SB  ° 3«b 

- ♦ (I|0)  ^-}dSo  U5 

o 

Combining  Eqs.  (9),  (14)  and  (15)  in  Eq.  (7)  we 
finally  get 


2tt 

f V> 

° (16) 

which  is  equivalent  to  Eq.  (48.b)[l],  As  a minor 
advantage  of  the  present  approach,  it  may  be 
noted  that  there  is  no  need  for  a stationary  phase 
calculation  as  in  Eq.  (22.b)[l]. 


Aj^ir)  + Ar(0)  - - iC (h  + sinh2kh) 


AN  ANALOGOUS  RELATION  IN  ACCOUSTICS 
Since  the  idea  of  Green's  functions  is  quite  com- 
mon in  many  different  physical  contexts,  one  can 
deduce  formulas  similar  to  Eq.  (16)  for  other 
wave  problems.  We  shall  only  use  accoustic  scat- 
tering and  radiation  for  illustration. 

Consider  three-dimensional  sound  waves  in  air. 

The  governing  equation  for  the  velocity  potential 

is 

6<t>  + k2<f>  * 0,  |x|  < °°  (17) 


()>R(x)  “ C coeh  k(z  + h)  ■ 

II  dso{*R  hr  [C08  k(zo 

h 

- [cos  k(zQ  + h)exp(-ikr 


i(kr-ir/4) 
e . 

/kF 

+ h)exp(-ikr  cos (6  -9))] 
o o 

o COsOo  - 6))]g/}  (11) 


Now  in  the  integrand  above  can  be  Identified 
as  d> ^ | 6) /b*.  Hence,  <pR  may  be  written  as 

cb  i(kr-ir/4) 

$0(x)  S cos  k(z  + h)  * 

R |b|2  /kr 

II  %hr<(*ol0>-**i<‘ol°>^dso  (12) 

c o O 

SB 


Upon  comparing  Eqs.  (8)  and  (12)  it  follows  that 


V9)"j^lls{*Rk**(3o|e) 

" * 3* 

- <J>±(x|6)  3^>dS0  (13) 

o 

Taking  the  complex  conjugate  of  Eq.  (13)  and  let- 


An  incident  plane  wave  in  the  direction  of  k may 
be  described  by 

ik  • x 

(t1(x|ki)  - e 1 (18) 

where  |k^|  “ k.  The  scattered  wave 

due  to  the  stationary  body,  and  the  radiated  wave 
<f>R  due  to  the  forced  oscillation  of  the  same  body, 

must  have  the  following  behavior  in  the  far  field 


ikr  ^ 

*s  ; V fs(kilV 


ikr 

*R  ; V fR(k0> 


(19. a, b) 


where  f and  f represent  the  angular  variations, 

-V  X | ■*  | ” | -¥■  . 

kQ  ■ k x/|x|  and  |x|  • r.  Using  the  ordinary  free- 

space  Green  function  and  following  the  same  argu- 
ment as  in  the  preceedlng  section,  we  find  that 

fR(_ki)  ~ fR(kiJ 

- h a dfi  WV^V  (20) 
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where  dft  refers  to  the  solid  angle  sin*'  d“  d.  for 

all  k . This  formula  has  been  verified  for  the 

special  case  of  a rigid  sphere  for  which  and 

are  known  exactly,  Morse  and  Ingard  (3). 
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Discussion  on  Paper  by  D.  \ . Evans 
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It  is  true  that  the  theoretical  advantages  of 
permitting  mere  than  one  mode  of  oscillation  ray 
well  he  outwei*hed  by  the  greater  engineering  diff- 
iculties associated  with  transforming  the  dual 
motion.  On  the  other  hand,  the  large  bandwidths 
which  ran  be  achieved,  in  oarticular  for  the  sub- 
merged circular  cylinders,  are  attractive.  In  this 
connection  the  theory  shows  that  it  is  quite  poss- 
ible for  a wave  absorber  to  be  beneath  th  • water 
and  still  operate  efficiently.  This  has  the  advan- 
tage of  nrotecting  the  device  from  the  severest 
effects  of  large  breaking  waves. 

As  far  as  permitting  the  cylinder  to  roll  is  con-  , 
cerne-i , for  the  submerged  circular  cylinder  suspen- 
ded on  horizontal  and  vertical  springs  and  dampers, 
no  rolling  will  occur.  This  can  be  seen  as  follows 
The  first-order  forces  and  moments  on  the  cylinder 
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Discussion  on  Paper  by  T.  Y.  Wu  et  al 
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Authors  ’ Reply 


We  very  much  appreciate  the  questions  raised  by 
Dr.  McGregor  for  they  give  us  an  opportunity  to 
clarify  a few  points.  Our  results  for  the  section- 
al force  on  a differential  section  of  a flexible, 
elongated  body,  of  circular  cross  section  was  pre- 
sented at  the  neeting,  but  was  not  available  for 
inclusion  in  the  preprint.  Its  expression,  to  lea- 
ding order,  is 


F(s,t)  = e r-C-lr-  - V r-  )(owb2V  1 - 


h (°"b2) 

text.  The  first 


dZ  s dS 


2 2 
0 V V* 

OTTb"  ( - nth’)]  - 


where  the  notation  follows  the 
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Discussion  on  Paper  by  P.  Saver  and  F.  Ursell 


A.M.J.  DAVIS 

Discussion  of  limiting  cases  is  usually 
justified  by  the  results  giving  a good 
approximation  to  what  happens  when  the  para- 
meters are  moderately  near  their  respective 
limits.  The  displayed  graphs  indicate  that  the 
features  discussed  in  this  paper  only  occur 
close  to  the  limit  Ka  = 0 (a/h  fixed',  ar.d  it 
is  for  this  reason  that  I am  unhappy  about  the 
applicability  of  the  results  obtained.  ' 

The  natural  length  and  time  scales  of  the 
problem  are  a and  ( a / ) f respectively  and  it  is 
assumed  that  or-*-»>(a/®) 2 . If  U is  the  ampli- 
tude of  the  heave  velocity,  then  U/v  is  the 
amplitude  of  the  displacement  of  the  cylinder 
and  is  assumed  small  compared  with  a in 
applying  the  condition  on  the  boundary  of  the 
cylinder  at  its  mean  position.  Now  U/<T  <<  a 
implies 

« crtf)*  = (Ka)*  « 1 

(ga)2 

and  so,  measured  in  terms  of  the  natural 
velocity  scale,  the  scaling  factor  U of  all 
velocities  in  tlje  fluid  motion,  is  small  com- 
pared with  (Ka)2  which  tends  to  zero. 

In  the  low  frequency  limit,  the  cylinder 
heaves  either  so  slowly  that  the  motion  is 
quasi-static  or  with  displacement  amplitude 
too  large  for  the  linearisation  of  the 
boundary  conditions  to  be  valid. 


R.W.  YEUNG  AND  J.N.  NEWMAN 

The  authors  are  to  be  congratulated  on  a very 
interesting  contribution  which  covers  the, low- 
frequency  behavior  of  the  added-mass  coef- 
ficient of  a circular  cylinder  in  water  of 
finite  depth.  Their  results  essentially  con- 
firm the  earlier  findings,  presented  at  the 
last  ONR  Symposium,  by  Bai  and  Yeung  (197**), 
who  have  shown,  using  two  different  numerical 
methods,  that  the  added-mass  coefficient  for  a 
circular  and  a rectangular  section  approach 
finite  limits  rather  than  infinite  ones  as  in 
the  case  of  infinite  depth.  As  pointed  out  by 
Professor  Ursell  in  a discussion  at  that  time, 
the  limiting  value  involves  the  solution  of  a 
limiting  (Neumann-type)  problem  as  well  as  an 
additive  constant  whose  determination  is  non- 
trivial. Namely,  if  p and  \ denote  the  heave 
added-mass  and  damping  coefficient  respectively, 

lim  (p  + i^)  = P f (i  + C)nyds  (l) 

ksrK)  So 


Here  r is  the  vertical  component  of  an  outward 

- . ...  ... 

The  Uniting  potential,  , ir  r~ai  ar.i  sati.f:-. 
tfce  rigid  free-surface  condition  as  veil  as 
• : ' *ny  : f course,  • J ••  _ * ). 

Ir.  addition,  J satisfies  the  condition 
3-x?x-*C  as  | x | • The  crux  of  the  pro!  lei 
the  determination  of  Z ir.  (l)  which  Ursell [l] 
fc  im  aft  er  - • rerj  ra  anal?  , f r 

the  case  of  a circular  cylinder,  to  be 


V.'e  will  show  below  using  matched  asymptotics  that 
Equation  (2)  is  valid  also  for  any  symmetrical 
shape. 


Let  the  velocity  potential  be  written 
# ( x,y ) .£o(t ) , y 0(t'  being  the  heave  motion  of 
the  section.  Let  a be  waterline  half-breadth  of 
the  section,  the  Equations  (2.2)  to  (2.6)  of  the 
author's  paper  apply,  except  for  Equation  (2.U), 
which  is  to  be  replaced  by  9$/3n*ny  for  the 
general  case.  If  a and  h are  assumed  to  be  0(1), 
and  ko=0(ei,  clearly, 

Kh  = (k0h)?,  k = cr  /g  (3) 

Now  for  a sufficiently  large  distance  from  the 
body,  the  following  oute'i  solution  must  hold 

t(x,y)  = Ae^k°^eosh  k0(.v+h)  (Ii) 


where  A has  to  be  determined  by  mat-hing.  The 
inner  limi^  (small  x/h)  of  this  outer  solution  to 
order  0(ko  ) is  given  by 

2 

lim  $(x,y)  = Af”l+ik0lx| +^£_{(y+h)2-x2  )] 

x-*0  2 J (5) 


For  the  inMA  problem,  we  construct  the  solution 
as  an  ordered  sequence  in  the  form  of: 


$(x,y)  = +$(2^  + . 

with  4in+  *■=  oUn) 


(6) 


Then  the  lowest  two  orders  of  $ satisfy 
V2<J|  ( 1 ) = 0 V2(t>(2  ) = 0 


♦y^Hx.O)  = 0 

*y(1)(x,-h)  = 0 


(7a) 


♦ y<2)(X,0)  = K«J>  ( 1 ) 

, . (7b) 

<f>y'  2 ) (x,-h)  * 0 

♦ n(2)L  =0 

°0 
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The  solution  of  : 1 is  nothing  but  the  . olution 
f * uniting  problem  t iefir.ed  earlier,  with 
an  additive  constant  to  be  determined  from 
matching : 

^ ( 1 = J ♦ ; • 1 ) (Q) 

which  for  large  x/h,  behaves  like 

lim  4> ! 1 ^ (x,y ' * a | x!  ♦ 1 (■/ 

x -►  00 


The  above  s umr.ar i zes  the  analytical  basis  used 
by  Yeung  (1975'  in  obtaining  the  liritir.g  value 
•f  a circular  cylinder  and  a rectangular  secti  n, 
A related  analysis  is  also  given  by  Bai  (lQvf} 
who  proceeded  further  to  obtain  upper  ani  lover 
bounds  using  the  dual-extremum  principle  in  con- 
junction with  the  finite— ele! — * method,  "lie 
discussers  provide  below  some  r.ev  results  for  a 
triangular  section  obtained  using  with  the 
limiting  problem  i solved  by  the  met)  3 at  Ireei  • 
function. 


Matching  the  one  term  inner  expansion  of  the 
outer  solution  with  the  one-term  cuter  expansion 
of  a one-term  inner  solution,  ve  thus  obtain 


(10) 


Whence,  to  leading  order  in  Kh , the  wave- 
amplitude  ratio  |n/y0!  due  to  heave  notion  is 
given  by 


For  the  solution  of  <t^2',  ve  note  that  the 
right-hand  side  of  the  free-surface  condition 
is  given  by 

<J>y(2)  = K<f>(l)  = KC(l)  (12) 

since  is  lower  in  order  than  },  The  mis- 

sing  portion  can  always  be  accounted  for  by  con- 
sidering $'3^  if  necessary.  The  solution  for 
(7b)  and  (12)  can  be  decomposed  as  follows: 

= ^(x,y)  + x(x,y) 

= KC;i>  f(y+h)2-  x2  | + x (13) 

2h 


where  has  been  constructed  to  satisfy  (12)  and 
X satisfies  the  homogeneous  boundary  conditions 
on  y = 0 and  y = -h,  but 


ixl  = _ !i| 

3n  I ,,  3r.  L 

° so 


(1M 


and  behaves  like 

x(x,y)  = ^-|x|  + C(2)  , Q = 2KCfl)a  (15) 


Evidently,  it  is  n"  necessary  to  solve  for  x 
in  detail  to  determine  '"'21.  Thus  the  one- 
term  outer  expansion  of  a two-term  inner 
solution  is  given  by 

<> ( 1 ) + <h'2'1  - * [l-  KC(l  >]  |x| 

+ KC(l  > [(y+h)2-x2]  + C(l)  + C(2) 

2h  ' (l6) 


Match!  s with  (5)  immediately  yields 

c(  2 ) - _ a.2  ( 

L h 

Hence  (2)  is  proven  for  the  case  of  a general 
cylinder. 
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KWANG  JUNE  BAI 

Tne  authors  should  be  congratulated  for  their 
efforts  to  compute  the  added  mass  as  well  as  its 
slope  at  the  zero-frequency  limit.  Recently  I 
have  computed  the  added  mass  for  the  limiting 
frequencies  in  water  of  finite  depth.  In  my 
work,  a simple  proof  is  given  which  shows  that 
t.ie  heave  added  mass  is  finite  for  all  frequen- 
cies in  water  of  finite  depth,  by  using  the 
complete  set  of  eigenfunctions.  Also  presented 
is  a reformulation  of  the  problem  in  the  zero 
frequency  limit  by  using  perturbation  expansions 
in  a non-dimensional  wave  number.  From  this 
reformulation,  I obtained  in  a simple  manner  the 
additive  constant  -a/h  as  well  as  the  asymptotic 
formula  for  the  damping  coefficient  X: 

2 

X = pa  / g/h  + o ( 1 ) 

I used  the  finite  element  method  based  on  the 
dual  extremum  principles  (also  known  as  dual  or 
complimentary  principle)  and  computed  the  added 
mass  p„  for  the  infinite-frequency  limit  as  well 
as  the  auled  mass  y0  for  the  zero-frequency 
limit.  Tne  added  masses  u0  and  Ho.  of  a circular 
cylinder  and  three  different  rectangular  sections 
are  presented  in  reference  (7). 

I would  like  to  present  here  some  of  my  results 
for  the  circular  section.  The  added  masses  uQ 
and  Moo  for  several  different  water  depths  are 
given  in  Table  2 and  in  Figure  1.  There  is  a 
good  agreement  between  the  results  computed  by 
the  finite  element  method  and  those  computed  by 
the  present  authors.  The  computations  of  the 
added  mass  u(o)  for  arbitrary  frequency  range 
were  also  made  by  the  localized  finite  element 
method  described  in  Ref  (8).  These  results  are 
plotted  in  Figure  2,  where  the  results  of  uo 
at  the  zero-frequency  limit  were  used  to  connect 
the  u(o)  -curve  which  resul.o  in  a smooth  curve. 
From  the  numerical  results  shown  in  Figures  1 
and  2,  it  was  also  concluded  that  the  added  mass 
curve  at  zero  frequency  changes  its  sign  at 
about  h=2.2a.  It  is  very  interesting  to  note 
that  the  slope  of  the  added  mass  curve  also 
changes  sign  between  a/h=O.OC  and  0.03  which  is 
in  a range  where  we  did  not  make  computations; 
we  did  not  expect  that  the  slope  of  the  added 
mass  changes  its  sign  twice. 

Finally  I would  like  to  point  out  that  I did  not 
intend  that  the  slope  of  the  added  mass  curve 
at  zero-frequency  should  have  been  computed  from 
the  preliminary  result  which  I sent  to  Prof. 
Ursell  before  the  10-th  ONR  Symposium  in  197** 
nor  did  we  include  this  in  our  paper  (Ref  '8). 

I feel  that  the  statement  made  by  the  present 
authors  in  this  regard  is  somewhat  misleading 
since  our  results  were  not  valid  at  zero 
frequency.  Any  computer  program  would  give  in- 
valid results  if  one  is  dealing  with  a too  small 
or  too  large  number  which  is  close  to  the  over- 
flow or  underflow  range  of  the  computer. 
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Authors  ’ Reply 


In  their  interesting  note  Yeung  and  Newman  apply 
the  method  of  matched  asymptotic  expansions  to 
obtain  the  additive  constant  in  the  limiting 
potential,  and  they  achieve  this  with  com- 
paratively little  effort.  It  should  be  noted 
however,  that  in  their  equation  (6)  the  poten- 
tial is  of  the  form  ' n ; + C'n/ 

where  $'n  is  of  order  (koh)11-^-  and  the 
constant  C'n>  is  of  order  (k0h)n~i,  i.e.  of 
much  larger  magnitude.  Thus  the  form  (6) 
assumed  by  Yeung  and  Newman  is  not  as  obvious 
as  a superficial  reading  might  suggest.  (Their 
form  is  of  course  consistent  with  earlier 
results,  including  our  own).  Another  simple 
argument  for  obtaining  the  real  and  imaginary 
parts  of  C can  be  based  on  Green's  theorem,  and 
is  due  to  appear  in  our  Ref. (l). 

Dr.  Bai  has  kindly  sent  us  a preprint  cf  his 
paper  but  the  detailed  study  of  his  arguments 
requires  more  time  than  we  have  yet  been  able  to 
give  it.  His  numerical  values  for  the  circu- 
lar section  at  zero  frequency  are  almost  (but 
not  quite)  consistent  with  our  own  which  are 
given  below. 

Virtual  Mass  coefficient  for  the  half  -immersed 
circle  at  zero  frequency 
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Dr.  A.M.J.  Davis  rightly  points  out  that  our 
asymptotic  values  apply  to  physical  ranges 
which  are  not  likely  to  be  realized  in  prac- 
tice. A similar  objection  can  be  made  to  the 
well-known  short-wave  asymptotics  for  a heav- 
ing circular  cylinder  on  deep  water  which 
nevertheless  have  a practical  value  because 
they  can  be  used  to  provide  a check  on  the 
computations  at  moderate  wavelengths.  If  it 
had  been  realized  in  1961  that  in  the  present 
problem  the  virtual  mass  remains  finite  this 
would  have  served  as  a warning  that  the  com- 
putations in  our  Ref.  (2)  were  probably  in- 
correct (as  we  now  know  they  are). 

We  welcome  the  application  of  so  many  differ- 
ent methods  of  computation  to  the  present 
problem.  While  our  own  method  is  particularly 
suitable  for  the  circular  section,  other  methods 
will  probably  turn  out  to  be  more  suitable  for 
other  sections.  Our  aim  in  the  present  work 
has  been  the  modest  one  of  providing  a reliable 
standard  set  of  values  for  this  one  problem  and 
we  hope  that  this  will  prove  useful  for  check- 
ing numerical  work  in  the  long-wave  range. 


pp|n)/p  (submerged  area) 
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SYNOPSIS 

Measurements  of  wave  exciting  forces  and  total  girder  loadings  on  a large  tanker  model  in  head  waves  are 
described,  with  wave  length  varying  from  A/L  = .085  to  2.0  and  speed  ranging  from  F = .10  to  .30. 

Wave  exciting  forces  may  be  predicted  with  strip  theory  for  wave  lengths  greater  than  about  half  the  ship 
length,  but  could  not  be  calculated  accurately  for  short  waves. 

The  analysis  of  total  girder  loading  is  based  on  the  "Normal  Mode  Method".  Experimentally  determined  par- 
ticipation factors  do  qualitatively  not  agree  with  predicted  curves  based  on  the  assumption  of  a simple 
sinusoidal  longitudinal  force  distribution. 


1 . INTRODUCTION 

The  recent  growth  of  maritime  activities  and  its 
accompanying  construction  of  big  tankers , fast  con- 
tainer ships,  drilling  platforms  and  other  units 
according  to  new  concepts,  asks  for  a rational  meth- 
od of  strength  analysis.  In  designing  these  units 
experience  on  equally  sized  prototypes  is  not  avail- 
able and  extrapolation  of  standard  load  calculations 
is  not  free  from  risk.  As  an  example  springing  of 
Great  Lake  carriers,  big  tankers  and  long  container 
ships  and  the  resulting  higher  frequency  stress 
variations  and  fatigue  problems,  can  be  mentioned 
as  a phenomenon  which  did  not  occur  before.  To  in- 
clude frequency  and  resonance  aspects  independently 
in  strength  analysis  the  "normal  mode  technique" 
might  be  used  to  handle  any  spatial  structure,  as 
has  been  demonstrated  by  van  Gunsteren  in  ref.  (l) 
for  the  analysis  of  springing  of  a supertanker. 

In  ref.  (2)  it  is  shown  how  the  experiments  on 
models  and  the  construction  of  models  is  affected 
by  the  application  of  this  "normal  mode  technique". 
In  this  reference  a description  is  given  of  the 
possibility  to  predict  the  stresses  in  the  struc- 
ture as  a result  of  the  wave  loading  and  of  the 
mass-elastic  behaviour  of  the  structure.  Also  an 
experimental  technique  is  proposed  in  ref.  (2)  in 
order  to  arrive  at  the  generalized  wave  excitation 
forces. 

In  this  paper  the  results  of  preliminary  experim- 
ents with  a captive  and  a free  "rigid  back  bone" 
model  in  the  Delft  Ship  Hydromechanics  Laboratory 
are  reported.  Tests  with  the  restrained  model  give 
the  wave  exciting  forces,  whereas  the  free  model 
tests  supply  the  generalized  forces,  e.g.  the  net 
loading  of  the  ships'  girder  not  affected  by  the 
deflection  of  the  girder  nor  by  elastic  resonance 
phenomena. 

Due  to  towing  tank  and  finance  limitations  only 
head  waves  and  the  resulting  vertical  leads  have 


been  considered.  Measurements  are  carried  out  on  a 
large  tanker  model,  which  is  extremely  sensitive  to 
such  loads. 


2.  DISCUSSION  OF  THE  OVERALL  STRENGTH  PROBLEM  OF 
THE  SHIPS  GIRDER 

When  the  ships  girder  is  discretize’d  in  a sufficient 
number  of  masses  and  elasticities  and  when  linearity 
is  assumed,  the  motions  due  to  heave  and  pitch  and 
vertical  bending  can  be  described  by: 

[s]  {x]  + [c]  {x}  ♦ [m]  (x}  = 

= {F}  - [M]  |x)  - [C]  {x)  - [S]  (x}  (1) 

where:  {)cl  = displacement  vector 

[sj  = stiffness  matrix  of  the  mechanical 
system 

[c]  = damping  matrix  of  the  mechanical 
system 

[m j = mass  matrix  of  the  mechanical  system 
fF)  = wave  excitation  forces 
[M]  = matrix  of  hydrodynamic  added  mass,  due 
_ to  relative  accelerations  of  the  hull 
[c ] = matrix  of  hydrodynamic  damping,  due  to 
velocities  of  the  hull 
[s]  = matrix  of  buoyancy  forces,  due  to  dis- 
placements of  the  hull. 

The  right  hand  side  of  equation  (l)  consists  of  all 
hydrodynamic  forces,  both  exciting  and  reaction 
forces,  and  is  fully  determined  by  the  ships'  form. 
The  left  hand  part  of  equation  ( 1 ) is  closely  con- 
nected to  the  ships'  structure,  which  determines 
mass  and  stiffness  distribution  and  internal  (con- 
structional) damping.  Possible  vibration  dampers 
must  also  be  included  in  this  part. 

During  the  design  process  of  a ship  main  dimensions 
and  body  form  are  mostly  established  in  an  early 
stage,  before  the  construction  will  be  determined 
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and  detailed.  So  the  strength  analysis  method  to  be 
applied  should  preferably  contain  a one-time  deter- 
mination of  the  right  hand  side  of  equation  (l), 
after  which  the  total  problem  could  be  solved  in  a 
loop  where  the  left  hand  constructional  side  of  ( 1 ) 
is  evaluated.  (See  ref.  (3)).  To  facilitate  this 
iteration  and  to  pay  full  attention  to  frequencies 
of  elastic  motions  and  their  related  aspects  of 
fatigue  stress,  a coordinate  transformation  of  (l) 
to  normal  modes  of  the  "dry  ship"  (i.e.  the  two 
rigid  body  motions  heave  and  pitch  and  two  and  more 
node  vibration  modes)  will  be  applied.  This  results 
in  a diagonalisation  of  the  mechanical  mass  and 
stiffness  matrix  (ref.  (1*)). 

In  general  the  damping  matrix  can  not  directly  be 
diagonalized,  depending  upon  the  lengthwise  damping 
distribution.  However,  diagonalization  is  possible 
when  the  damping  distribution  is  supposed  to  be 
similar  to  the  distribution  of  mass  or  stiffness, 
which  is  general  piactice  in  ship  vibration  anal- 
ysis. 

The  final  result  becomes: 


with  a three-dimensional  coordinate  transformation, 
is  a proven  tool  to  calculate  the  forces  due  to 
waves  which  are  not  too  short  compared  to  ship 
length  (e.g.  \/L  > 0.50)  (ref.  (7)).  The  experiment- 
al determination  of  wave  exciting  forces,  with  a 
restrained  segmented  model,  is  described  into  more 
detail  in  the  following  paragraphs. 

The  second  step  in  solving  equations  (3)  is  to  deter- 
mine the  hydrodynamic  coefficients  represented  by 
the  [M]  , [C]  and  [S]  matr  ices.  These  matrices  have 
non-zero  elements  outside  the  diagonal,  due  to  hydro- 
dynamic  cross-coupling.  The  coupling  coefficients 
have  a significant  influence  on  rigid  body  motions 
so  analogouusly  their  influence  on  elastic  modes  can 
not  a priori  be  neglected.  On  the  other  hand  rigid 
body  displacements  are  small  at  the  higher  frequen- 
cies involved  in  elastic  mode  resonance,  which  does 
suspect  less  important  influences  of  heave  and  pitch 
motion  effects  in  the  elastic  modes.  Hydrodynamic 
coupling  between  elastic  modes  depends  upon  the 
longitudinal  distribution  of  damping  and  added  mass 
at  higher  frequencies,  about  which  no  accurate  re- 
sults are  known  for  the  three-dimensional  case. 


[S]  {*}  + [C]  (i)  + [M]  (5}  = 

= {T}  - [M]  (J)  - [C]  j,D)  - [S]  {*)  (2) 

where:  {^]  = vector  of  normal  mode  displacements 
{ F ] = vector  of  generalized  forces. 

The  left  hand  part  of  equation  (2)  is  now  diagonal- 
ized and  the  ship  motion  problem  can  be  separated 
from  the  ship  deflection  problem.  Also  the  dynamic 
amplification  of  one  of  the  modes  (e.g.  the  spring- 
ing phenomena  for  the  2-noded  deflection)  can  be 
dealt  with  separately.  For  this  purpose  it  is  neces- 
sary to  diagonalize  the  entire  system.  Since  this 
diagonalization  requires  knowledge  of  the  hydrodyn- 
amic effects  of  the  hull  and  the  surrounding  water 
it  is  proposed  to  make  an  approach  by  two  steps. 

The  expansion  of  equation  (2)  for  two  rigid  body 
modes  and  one  elastic  mode  reads  as  follows: 


(3) 


If  the  ship  is  not  restrained  by  bow  hawsers,  moor- 
ing lines  and  the  like,  and  if  no  additional  artif- 
icial heave  or  pitch  damping  devices  are  fixed,  the 
damping  coefficients  and  Cg2  are  zero.  The  first 

step  for  the  solution  of  the  set  of  equations  re- 
presented by  (3)  is  to  determine  the  wave  exciting 
forces  {r} , either  by  calculation  or  by  experiment. 
The  strip-theory  (ref.  (5),  (6)),  which  is  based  on 
a two-dimensional  potential  calculation  combined 


Calculation  of  added  mass  and  damping  for  two-dimen- 
sional sections  is  possible,  either  including  free 
surface  effects  for  a frequency  range  where  signif- 
icant rigid  body  motions  occur  (see  ref.  (8)),  or 
in  the  asymptotic  case  of  very  high  frequencies 
where  surface  waves  are  neglected. 

These  two-dimensional  values  provide  a base  for  a 
sufficiently  accurate  prediction  of  coefficients  in 
[M]  and  [c]  which  influence  rigid  body  motions,  but 
their  applicability  in  the  case  of  vibration  modes 
becomes  questionable  because  of  three-dimensional 
effects . 

The  buoyancy  matrix  [s]  can  be  calculated  for  all 
modes.  A direct  experimental  determination  of  hydro- 
dynamic  reaction  forces  could  be  done  by  means  of 
forced  oscillation  in  one  of  the  modes,  with  a 
normal  vertical  oscillator  for  rigid  body  motions 
and  a special  sectional,  oscillator  for  the  elastic 
motions.  Hydrodynamic  reaction  forces  may  also  be 
obtained  indirectly  with  the  free  moving  model  tests 
described  in  the  following  sections,  when  exciting 
forces  are  known  from  captive  model  tests,  when  the 
buoyancy  matrix  [s]  is  calculated  and  when  heave  and 
pitch  are  recorded. 

However .these  free  moving  model  tests  were  primarily 
intended  to  measure  directly  the  girder  loading 
caused  by  the  waves,  including  the  effect  of  hull 
motions,  i.e.  inertia  forces  and  hydrodynamic  re- 
action forces. 


3.  DESCRIPTION  OF  THE  SHIP  AND  THE  MODEL  AND  ITS 
CONSTRUCTION 

The  particulars  of  the  ship,  a tanker,  are  given  in 
Figure  1 and  in  Table  1 . 


Table  1.  Particulars  of  ship. 


Length  between  P.P. 
Breadth  moulded 
Depth  moulded 
Block  coefficient 
Prismatic  coefficient 
L.C.B.  in  percentage  of 
Deadweight 
Horse  power 
r .p.m. 


310.0  m 

U6.9  m 

2U.5  m 

0.8U 

0.85 

L +3.13 

PP  215,000.00  tons 
28,000.00  HP 
80  rpm 


© IMechF  1977 


568 


The  models  have  been  built  to  a scale  1:200/3  and 
the  test  conditions  are  as  follows: 

ballast  draft  (even  keel)  12.27  m 

displacement  ballasted  116,000  tons. 

Ballast  condition  has  been  investigated  first  be- 
cause loads  in  short  waves  are  more  important  in 
ballast  than  fully  loaded,  due  to  the  lower  natural 
frequency  of  the  two-node  vertical  vibration.  It  is 
realized  that  an  even  keel  ballast  condition  is  not 
usual  for  tankers.  Even  keel,  however,  has  been 
chosen  to  ease  the  comparison  with  theory. 

The  captive  model  consists  of  a stiff  beam  and  2U 
sections  connected  to  the  beam.  The  beam  is  support- 
ed rigidly  to  the  towing  carriage  of  the  tank.  Each 
of  the  2l  connections  of  the  segments  to  the  beam 
consists  of  a dynamometer  equipped  with  semi-con- 
ductor strain  gauges  to  measure  the  vertical  force 
excerted  on  the  section.  The  total  rigidity  of  the 
system  is  such  that  the  lowest  natural  frequency  is 
high  in  comparison  with  the  frequencies  of  interest, 
so  that  elasto-  and  hydro-dynamic  effects  are  ne- 
gligible. (See  Figure  2). 

The  free  model  consists  of  a stiff  beam,  constructed 
as  light  as  possible.  To  this  beam  are  connected  12 
sections,  containing  as  much  of  the  required  weight 
as  possible.  The  connections  of  sections  to  the  beam 
consist  of  a 3-component  balance,  in  order  to  sense 
the  vertical  loading,  the  horizr  tal  and  the  tor- 
sional loading  see  Figure  3).  For  the  experiments 
reported  in  this  paper  only  the  vertical  loading  is 
measured.  '•  entire  stiffness  of  the  model  is  such 
'ha'  • r •!..  wave  frequencies  of  interest  no  dynamic 
w , . influence  the  measurement,  except  the 
t ssible  motions  of  the  model.  More  details 
■K  ut  the  weight  distribution  and  the  effects  of  the 
parasitic  mass  of  the  beam  are  dealt  with  in  the 
Appendix. 


1*.  MEASUREMENTS  AND  EVALUATION 
a.  General 


A framework  of  the  measured  speed  and  wave  length 
values  is  presented  in  Table  2.  The  design  speed  of 
the  considered  tanker  is  F^  = 0.15.  Higher  speeds 

are  not  realistic  for  the  full  ship  form,  but  have 
been  included  to  have  a wider  range  for  studying 
speed  effects. 

For  the  free  model  tests  F = .15  and  .25  have  been 

n 

omitted.  The  shortest  wave  length  was  dictated  by 
the  available  wave  maker  and  electronic  equipment, 
the  longest  wave  length  by  model  and  tank  dimen- 
sions. For  some  free  model  tests  additional  wave 
lengths  have  been  investigated,  besides  those  in- 
dicated in  Table  2,  in  order  to  determine  the  wave 
length  dependency  of  the  measured  quantities  more 
accurately. 

Some  of  the  low  speed,  long  wave  runs  suffered  from 
wall  influence.  Boundaries  calculated  according  to 
ref.  (9)  are  indicated  in  Table  2. 

The  wave  height  has  been  chosen  so  that  a reason- 
able signal  could  be  recorded  in  connection  with 
the  signal-noise  ratio,  and  that  linearity  was  as- 
sured ( \ / 5 about  60 ) . 
a 

b.  Captive  Model  Tests 

For  the  measurements  in  general  it  can  be  stated 


VIS 

that  the  output  of  the  pick-ups  coincides  with  the 
stiffness  matrix  multiplied  with  the  displacement 
vector.  Referring  to  formula  (3)  it  can  be  stated 
that  due  to  the  stiff  structure  and  the  high  sen- 
sitivity of  the  pick-ups: 
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This  is  allowed  because  the  mass-elastic  and  hydro- 
dynamic  effects  are  negligible  and  substantial  dis- 
placements will  not  take  place. 


Returning  to  the  original  coordinates  {x}  we  find: 
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so  that  for  the  captive  model  test  each  section 
pick-up  has  a signal  u equal  to  the  hydrodynamic 
force  exerted  on  the  section,  and  we  obtain  2k  con- 
centrated forces  representing  the  wave  load. 

c.  Free  Model  Tests 


Referring  to  formula  (3)  it  can  now  be  stated  that 
S,,  and  are  equal  to  zero  (free  model)  so  that: 
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From  this  it  follows  for  the  case  the  model  is  suf- 
ficiently stiff  so  that  deflection  modes  such  as  iF, 
and  higher  are  negligible: 
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order  to  get  a presentation  which  can  physically 
better  be  understood. 

The  distribution  of  wave  exciting  forces  has  also 
been  calculated  with  the  strip-theory  as  developed 
by  Gerritsma  et  ai.  (ref.  (5)).  however,  due  to  lack 
of  time,  without  adapting  it  to  the  numerical  de- 
mands put  forward  by  the  short  waves  and  without 
taking  into  account  the  finite  section  length  as 
mentioned  above.  As  an  example  the  results  of  these 
preliminary  calculations  are  shown  for  X/L  = 0.T5 
and  1.0,  where  the  mentioned  effects  do  not  yet  sig- 
nificantly count,  in  Figures  13  and  ih. 


The  outputs  01  and  0 2 are  zero,  because  the  general- 
ized wave  forces  are  fully  consumed  to  generate  the 
ship  motions.  Then,  (8)  and  (9)  are  the  equations  of 
motion  describing  the  rigid  body  motions  heave  and 
pitch. 

Output  is  the  generalized  version  of  the  girder 
loading,  composed  of  the  wave  excitation  and 

corrected  for  the  hydrodynamic  reaction  forces, 
added  mass,  damping  and  buoyancy,  caused  by  the  ship 
motions  and  i|i  . 

Outputs  0.  _ ^ are  similar  generalized  loads,  how- 
**  1 5 » D 

ever  now  referring  to  higher  node  displacement  func- 
tions (for  the  sake  of  simplicity  not  shown  in  the 
formulae),  including  hydrodynamic  effects  originat- 
ing from  the  rigid  body  motions  t| ^ and  i|i  too,  but 
not  from  other  elastic  modes. 

d.  Instrumentation 

Figures  U and  5 show  the  instrumentation  used  for 
the  measurements.  The  method  of  signal  filtering, 
based  on  the  frequency  of  encounter,  is  for  each 
case  (captive  versus  free  model)  adapted  to  the  par- 
ticular requirements.  For  the  captive  model  tests 
multiplication  is  carried  out  through  rotating  re- 
solvers, driven  by  a servo-mechanism  following  the 
wave  zero-crossings  (ref.  ( 1 0 ) ) . For  the  free  model 
tests  the  demodulated  signals  are  weighted  and  sum- 
med before  being  multiplied  with  the  references, 
i.e.  before  being  Fourier-analyzed  on  a wave  signal 
base.  Multiplication  takes  place  with  electronic 
multipliers.  In  both  cases  average  values  are  ob- 
tained by  integration  and  time  division  over  a 
chosen  number  of  wave  periods. 


5.  MEASUREMENT  RESULTS 


The  agreement  between  measurement  and  theory  is  good 
except  for  the  higher  speeds,  as  could  be  expected 
with  the  excessive  wave  formation  along  the  full 
tanker  body.  Another  deviation  of  theory  and  meas- 
urements is  apparent  at  the  r rallel  mid-body,  where 
strip  theory  predicts  a constant  lengthwise  distrib- 
ution, but  where  experiments  show  a decay  in  amplit- 
ude due  to  three-dimensional  effects  (ref.  ( 1 1 ) , 
(12)). 

For  shorter  wave  lengths  the  disagreement  between 
preliminary  calculated  and  experimental  results  was 
so  large  that  presentation  was  not  considered  use- 
ful. The  measured  forces  do  not  show  the  consider- 
able decay  in  amplitude  from  fore  to  aft  which  is 
sometimes  expected  in  literature. The  force  peak  at 
the  afterbody  might  cause  a significant  increase  of 
springing  stresses. 

An  apparent,  feature  of  the  exciting  force  distribu- 
tion at  shorter  wave  lengths  and  higher  speeds  is 
the  rapid  increase  in  phases  from  fore  to  aft , com- 
bined with  a fluctuating  amplitude.  This  typical 
behaviour  might  result  from  diffraction  terms  in 
the  wave  force  expression,  containing  wave  circular 
frequency,  speed  and  sectional  damping  and  added 
mass. 

b.  Free  Model  Test  Results 

Although  the  experiments  have  originally  been  initi- 
ated to  investigate  the  mechanics  of  springing, 
i.e.  a dynamic  phenomenon  caused  by  the  time  vari- 
able short  wave  loadings , interesting  results  have 
been  obtained  also  for  larger  waves,  this  because 
the  springing  problem  can  be  seen  as  a special  case 
of  the  general  strength  problem  of  ships.  The  re- 
quired method  of  analysis  for  springing  covers  also 
the  regular  low  frequency  analysis  in  a generalized 
version.  Therefore  the  experiments  are  also  extend- 
ed to  longer  waves  and  static  phenomena. 


a.  Captive  Model  Test  Results 


Still  Water  Test  Results 


Figures  T through  16  show  amplitude  and  phase  of  the 
sectional  wave  exciting  forces,  each  for  a partic- 
ular wave  length  and  the  whole  range  of  speeds . Am- 
plitudes have  been  divided  by  wave  amplitude  and 
section  length  to  make  them  better  comparable  to 
each  other  and  to  calculations.  In  this  respect  it 
must  be  realized  that  most  calculations  provide  a 
continuous  lengthwise  distribution  of  the  limit 
force  values  on  infinitely  short  sections.  The  for- 
ces on  sections  with  a finite  length  must  be  ob- 
tained by  vectorial  integration  of  the  former  ones. 
When  the  wave  length  approaches  more  and  more  the 
section  length  the  deviation  between  the  continuous 
basic  force  distribution  and  stepped  sectional  for- 
ces as  shown  in  Figures  7 - 16  grows.  Phases  have 
not  been  determined  with  respect  to  the  wave  at  the 
ships'  center  of  gravity,  as  is  usual,  but  at  the 
mid-length  position  of  the  concerning  section,  in 


Figure  17  shows  for  3 speeds  of  the  model  the  stat- 
ic load  distribution  caused  by  the  wave  system  gen- 
erated by  the  model.  The  model  has  adjusted  itself 
for  heave  and  pitch  so  that  only  higher  mode  load 
distributions  could  be  developed. 

It  can  be  concluded  that  for  a ship  model  speed  of 
1.35  m/sec  a static  sagging  loading  is  generated 
which  is  comparable  to  the  standard  wave  sagging/ 
hogging  loading.  From  the  measurements  appears  that 
this  static  load  distribution  is  not  essentially 
affected  by  waves,  so  that  the  superposition  prin- 
ciple may  be  applied. 

Wave  Test  Results  in  Ship  Coordinates 

In  Figures  1 8 , 19  and  20  the  dynamic  part  of  the 
girder  loading  due  to  incoming  headwaves  is  shown 
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by  means  of  an  instantaneous  distribution  and  an  es- 
timated envelope  of  the  amplitudes  of  the  variations. 
For  those  experiments  where  the  ship  motions  are  not 
negligible  i.e.  in  the  range  of  about  0.5  < i/L  < 2.0 
a small  correction  is  necessary  due  to  the  accelera- 
tion forces  of  the  beam.  (See  Appendix).  This  correc- 
tion has  not  been  made,  but  the  general  picture  will 
not  be  affected  by  this  correction. 

An  example  of  the  total  loading  in  ship  coordinates 
i.e.  the  static  and  the  dynamic  wave  loading,  is 
shown  in  Figure  21.  Although  it  is  interesting  to 
have  this  complete  picture  of  the  girder  loading  for 
head  waves,  not  very  much  car.  be  done  with  it, 
unless  a rational  method  of  analysis  is  applied. 

This  method  is  found  in  the  "normal  mode  method"  as 
described  in  ref.  (2)  and  a further  evaluation  of 
the  measurements  is  made  according  to  this  method. 

Wave  Test  Results  in  Generalized  Coordinates 

As  has  been  outlined  in  ref.  (2)  a special  modal  in- 
tegration of  the  12  section  forces  results  in  the 
participation  of  the  wave  excitation  in  the  various 
elastic  modes,  or  in  the  excitation  forces  for  the 
two-  and  multinode  deflection  modes,  coinciding  with 
the  vibration  modes. 

Together  with  the  mass-spring  response  function  of  a 
particular  mode  an  "Elastic  Response  Amplitude  Oper- 
ator" can  be  formulated,  similarly  as  the  regular 
"Response  Amplitude  Operator"  used  for  ship  motions. 
The  modal  integration  consists  of  the  summation  of 
the  mass-  and  deflection-weighted  section  forces, 
measured  during  the  experiments  (see  Figure  5). 
Results  of  the  experiments  are  shown  in  Figures  22, 

23  and  2k  for  the  two-,  three-  and  four-noded  de- 
flections for  the  various  ship  speeds.  These  figures 
show  that  the  systematic  pattern,  expected  when  a 
sinusoidal  loading  moves  along  the  ship  girder,  is 
not  realistic.  The  hydrodynamic  loading  caused  by 
waves  and  ship  motions  obviously  disturbs  the  deter- 
ministic picture  to  be  expected. 

6.  FINAL  REMARKS 

a)  Further  theoretical  and  experimental  study  of 
wave  exciting  forces  in  the  short  wave  range  is 
necessary  because  of  the  disagreement  between 
results  of  existing  calculation  procedures  and 
the  experiments  described  in  this  paper.  This 
may  be  greatly  influenced  by  diffraction  terms 
in  the  wave  exciting  forces. 

b)  Added  mass  and  damping  matrices  should  be  in- 
vestigated more  thoroughly,  especially  in  the 
three-dimensional  higher  frequency  case. 

c)  The  static  girder  loading  caused  by  the  ship 
generated  wave  system  amounts  to  the  order  of 
the  standard  wave  sagging-hogging  loading. 

d)  The  originally  expected  picture  (see  ref.  (2)) 
of  the  modal  participation  of  the  wave  loading 
as  a function  of  wave  length  is  in  strong  dis- 
agreement with  the  measured  functions.  As  far 
as  wall  effects  were  not  encountered  during  the 
experiments,  this  may  be  due  to  the  difference 
between  the  assumption  of  simple  Froude-Kriloff 
exciting  forces  for  the  prediction  (2)  and  the 
real  forces  (see  also  remark  a).  It  may  be  con- 
cluded that  more  study  is  necessary  in  the  range 
of  shorter  waves  to  understand  the  total  physic- 
al mechanism. 


VI  .7 

e)  For  a complete  picture  of  the  loading  on  ships 
it  is  necessary  to  investigate  oblique  waves 
for  the  introduction  of  torsion  and  horizontal 
bending,  which  is  essential  for  the  analysis  of 
container  and  open  ships. 

f)  A further  study  is  necessary,  either  theoretic- 
al or  experimental,  to  introduce  statistics  in 
the  girder-load-problem  caused  by  irregular 
waves . 
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The  ship  model  for  the  free  model  tests  is  composed 
of  a light  stiff  bear.,  representing  the  bending 
stiffness  of  the  model.  Hooked  to  the  bear,  are  the 
model  sections.  These  sections  represent  the  Shape 
of  the  ship,  and  do  contain  all  the  mass  of  the 
model  (see  Figure  A-').  The  connection  of  the  sec- 
tions to  the  bear,  is  .i..  -c  with  strain  gauges  so 
that  three  force  components  (i.e.  vertical  force, 
horizontal  force  and  torsional  moment  can  be  meas- 
ured. The  stiffness  of  the  entire  structure  (inclu- 
ding bear.,  pick-ups  and  sections)  is  such  that  the 
lowest  natural  frequency  is  about  23  c.p.s.,  which 
is  high  in  comparison  with  the  highest  frequency  of 
interest,  the  frequency  of  wave  encounter,  about  5 
c.p.s.  The  sections  of  the  model  are  as  a matter  of 
fact  large  pressure  pick-ups,  measuring  the  inte- 
grated pressure  over  the  surface  of  the  section. 

The  measurements  can  be  analyzed  according  to  a 
technique  of  generalized  coordinates.  Because  two 
rigid  body  motions  are  performed  during  the  measure- 
ment of  this  free  model  it  is  necessary  to  analyze 
the  dynamics  of  the  system  through  normal  modes 
which  are  in  this  case  assumed.  These  modes  are 
given  in  Figure  A-2,  together  with  their  mass-spring 
represent at  ion . 

Originally  the  break-dowr.  in  normal  modes  consists 
of  a regular  decomposition  of  a beam,  with  mixed  mass 
and  elasticity  into  its  normal  modes.  Because  the 
sections  are  elastically  connected  to  the  beam,  and 
this  elasticity  is  applied  for  the  measurement,  it 
is  necessary  to  describe  the  elastic  deflections  of 
the  sections  relative  to  the  beam,  in  order  to  anal- 
yze the  output  of  the  measuring  system.  Therefore 
each  original  mode  has  been  split  into  two  new  modes. 
Besides  the  rigid  body  heave-  and  pitch-motion  we 
have  now  introduced  an  elastic  motion  governing  the 
elastic  deformation  of  the  measuring  springs  in  a 
modal  fashion.  Each  of  the  elastic  modes,  i.e.  sag- 
ging-hogging and  the  multiple  node  deflections,  are 
now  split  into  two  new  modes , composed  of  "in  phase 
motion  distribution"  and  "opposite  motion  distribu- 
tions". Since  the  model  consists  of  12  sections  we 
need  for  a complete  description  2k  elastic  modes  and 
1 modes  related  to  the  rigid  tody  motions,  in  total 
28  degrees  of  freedom. 

For  a description  of  the  behaviour  of  the  various 
modes,  in  connection  with  the  signal  output  of  the 
pick-ups,  two  types  of  systems  as  shown  in  Figure 
A- 3 have  to  be  analyzed.  The  output  of  the  instrum- 
ent equals  x1  - x^. 

In  the  case  of  Figure  A-3a  referring  to  pitch  and 
heave  modes,  the  transfer  of  to  C1  (x1  - x^) 
equals : 


This  means  that  all  the  excitation  [",  is  use  i for 
the  acceleration  of  *r.e  mass  of  the  sections. 

For  the  case  " 4 0 but  ' io  suffici  ntly  higj 

(which  means  a stiff  spring,  related  t a suffi :i- 
ently  high  natural  fr<  luency , whi  indeed  tl 

case  for  our  model)  the  following  transfer  function 
is  obtained: 


(x,  - 


Lndej  ndent  f th<  fr  • •••:.  -y , 


or:  C,  'x,  - x2)  = r. 


= .mod 

eraticr.  A* 


This  part  of  r is  an  inertia  force,  that  has  not 

been  subtracted  from  the  hydrodynamic  forces  , as 
should  have  been  the  case  for  V,  = 0).  This  distrib- 
uted parasitic  force  is  affecting  the  output  of 
elastic  mode  excitation,  and,  if  a substantial  error 
is  introduced,  corrections  need  to  be  applied. 

The  second  system  of  importance  is  that  of  Figure 
A- 3b.  This  system  is  involved  in  ail  the  elastic 
mode  measurements  as  well  as  the  rigid  body  modes 
of  the  captive  model.  When  the  stiffness  of  the 
springs  involved  is  sufficiently  high  (i.e.  natural 
frequencies  high  in  comparison  with  the  maximum 
frequency  of  interest)  a quasi -static  approach  can 
be  made  and  it  follows: 

c,  (x1  - X,)  = r,  (A5) 

so  that  in  all  cases  a measuring  output  equal  to  the 
generalized  force  is  obtained.  In  general  the  fol- 
lowing conclusions  can  be  made: 


The  output  of  the  instruments  equals  the  generalized 
forces  for  all  the  modes,  and  a reconstruction  to 
the  distributed  loading  results  in  a proper  measure- 
ment of  the  load  distribution. 

b.  For  the  Free  Model 

For  the  case  the  beam  is  indeed  massless  the  output 
of  the  force  pick-ups  represents  the  inertia  cor- 
rected ships'  girder  loading,  composed  of  the  hydro- 
dynamic  wave  loading,  the  hydrodynamic  loading  due 
to  the  ship  motions  and  the  inertia  forces. 

For  the  practical  case  that  the  beam  also  has  a 
mass,  corrections  have  to  be  introduced  because 
part  of  the  forces  is  necessary  to  accelerate  the 

mass  of  the  beam,  and  is  therefore  not  included  in 

the  correction  for  the  inertia  forces. 


For  the  case  ■»  0 (mass  of  beam  of  the  model  tends 
to  zero)  the  transfer  equals: 


For  the  reconstruction  of  the  distributed  loading 
it  is  in  principal  necessary  to  apply  an  inertia 
correction,  caused  by  the  mass  of  the  beam. 
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The  weight  di stribution  cf  t eaa,  sections  and  a i :.  i • - 
i-r.al  equipment , necessary  for  the  guidance  cf  the 
node!  under  the  carriage,  is  shown  in  Figure  A--. 

The  correction  to  he  applied  is  evaluated  in  Figure 
A-5-  The  distributed  forces  shewn  in  this  figure 
have  to  be  decomposed  in  generalized  forces  opera- 
ting in  the  applied  elastic  nodes. 

The  distributed  forces  are  as  a natter  of  fact  the 
result  of  bear,  acceleration  for  the  rigid  tody  nodes 
(heave  and  pitch)  and  need  therefore  be  applied  as 
corrections.  The  magnitude  of  this  correct  io:  de- 
pends on  two  factors,  i.e.  the  magnitude  of  the  ac- 
celeration during  the  tests  and  the  participation  of 
these  force  distributions  in  the  modes  of  interest. 
fir.ee  the  area  of  interest  is  in  the  short  waves, 
the  ship  motions  and  the  accelerations  will  be  small. 
Also  the  participation  in  the  2-r.oded  elastic  mode 
which  is  the  most  important  for  snip  strength  anal- 
ysis will  be  small  because  of  the  almost  constant 
distribution.  For  the  evaluation  of  the  measurements 
it  is  assumed  that,  for  the  time  being,  the  correc- 
tions are  negligible. 


Table 


defied  yaw  I an:  ar-nd;. 


F = carried  out  with  free  model 


V ////// A- 


not  tested  because  of  equipment  restrictions 


= boundary  of  region  with  wall  influence, 
according  to  ref.  (9). 
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Fig  5 Instrumentation  for  the  free  model  test 
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Fig  6 Sectional  wave  exciting  forces,  ballast  Fig  7 Sectional  wave  exciting  forces,  ballast 
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Fig  12:  Sectional  wave  exciting  forces,  ballast: 
//L  = .550 


Fig  13:  Sectional  wave  exciting  forces,  ballast: 
;./L  = 750 
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Fig  14  Sectional  wave  exciting  forces,  ballast : 
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Fig  15  Sectional  wave  exciting  forces,  ballast 
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Fig  16  Sectional  wave  exciting  forces,  ballast: 
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Fig  18  Sectionalized  girder  loading  per  unit  wave  height 
at  a forward  speed  of  0 68  m sec  (force/wave 
height). 


Fig  17 : Static  girder  loading  due  to  ship  generated  wave 
system. 
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MOOEl  SPEED  V>S  m/*«  FWD  AFT  •'OOF.  SPEED  2.00  m/*«t 


Fig  19  Sectionalized  girder  loading  per  unit  wave  height 
at  a forward  speed  of  1 .35  m/sec  (force/wave 
height). 


Fig  20:  Sectionalized  girder  loading  per  unit  wave  height 
at  a forward  speed  of  2 00  m/sec.  (force/wave 
height) 


AFT  FWO 


Fig.  21  : Combined  loading  due  to  the  standard  wave 
loading  and  the  ship  generated  wave  loading. 
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MODEL  SPEED  0,6*  m/««c 


Fig  22:  Generalized  forces  per  unit  wave  height  for 

various  wave  lengths  at  a forward  model  speed 
of  0 68  m/sec 


Fig  23:  Generalized  forces  per  unit  wave  height  for 

various  wave  lengths  at  a forward  model  speed 
of  1 35  m/sec 


MODEL  SPEEO  2.00  "Vsec 


4-NOOED 

PARTICIPATION 


Generalized  forces  per  unit  wave  height  for 
various  wave  lengths  at  a forward  model  speed 
of  2 00  m/sec. 


Fig  A1  Photograph  of  free  model  with  hoisting  rig 
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Fig.  A2:  Model  representation  of  the  sectionalized  free 
model,  taking  into  account  the  elast.city  of  the 
force  pick-ups. 
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Fig.  A3:  Generalized  representation  of  the  measurement  of 
of: 

a)  the  rigid  body  modes,  and 

b)  the  elastic  modes. 
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Fig  A4  Mass  distribution  of  the  ship,  the  model,  the 
beam  with  appendages 


MASS  OF  BEAM 


MODE  I (HEAVE) 


FORCE  DISTRIBUTION  OUE 
TO  ACC.  OF  MODE  I 


P 


MODE  II  (PITCH) 


FORCE  DISTRIBUTION  DUE 
TO  ACC  OF  MODE  H 


Fig.  A5:  Distributed  forces  generated  by  the  parasitic 

mass  of  the  beam,  and  the  rigid  body  motions  of 
the  free  model  tests.  These  distributions  are  the 
basis  for  the  corrections  to  apply  on  the  measured 
generalized  loading 
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THEORETICAL  PREDICTION  OF  THE  VERTICAL  DYNAMIC 
RESPONSE  OF  SHIP  STRUCTURES  USING  FINITE  ELEMENTS 
AND  CORRELATION  WITH  SHIP  MOBILITY  MEASUREMENTS 

D.  CATLEY  and  C NORRIS 
British  Ship  Research  Association.  I K. 


This  paper  presents  a correlation  of  theoretical  estimates  for  the  vertical  vibration  response 
with  ship  mobility  measurements  taken  aboard  a 25  000  tonne  dwt  Products  Tanker.  A membrane  .finite 
element  idealisation  is  the  basis  of  the  theoretical  model. 

The  idealization  used  is  shown  to  be  applicable  to  this  ship  type,  ar.d  an  improvement  on  the 
equivalent  beam  model. 

The  mobility  technique,  which  employs  a unit,  uniaxial  force,  is  illustrated  as  a means  of 
circumventing  the  need  for  estimates  of  the  complex  excitation  system  in  determining  the  dynamic 
characteristics  of  the  ship  structure. 


INTRODUCTION 


The  vibration  of  a ship  structure  is  due 
to  a number  of  different  sources  of  excitation: 
the  two  major  contributions  being  forces  created 
by  the  main  propulsion  machinery  and  forces 
produced  by  the  propeller  operating  in  a non- 
homogeneous  flow  field.  Vibration  caused  by 
the  latter  source  is  the  subject  of  an 
extensive  research  programme  being  carried 
out  at  B.S.R.A.  with  the  support  of  the 
General  Council  for  British  Shipping  and  the 
Ship  and  Marine  Technology  Requirements  Board. 

The  problem  of  propeller-excited 
vibration  is  well  established,  but  in  recent 
years  has  become  more  significant  due  to  the 
increase  in  power  on  single  screws  which  have 
to  operate  in  increasingly  severe  inflow 
environments  as  fuller  and  beamier  hull  forms 
are  adopted.  Forces  are  experienced  over  an 
area  of  the  hull  plating  above  the  propeller 
and  also  through  the  tail  shaft  support 
bearings.  These  forces  are  extremely  complex 
but  in  all  cases  major  components  correspond- 
ing to  blade  rate  (blade  passage  frequency) 
and  harmonics  of  blade  rate  have  been  found 
to  exist. 

Generally  the  most  severe  vibration  is 
experienced  in  the  aft  end  of  the  ship  and 
therefore  the  dynamic  response  of  this 
structural  region  is  of  great  importance  in 
modern  ship  types  where  it  is  common  practice 
to  have  fully  aft  deckhouses  and  machinery 
spaces. 

Due  to  the  likelihood  of  a prohibitive 
cost  and/or  impracticability  of  structural 
modifications  that  may  be  recommended  by  the 
vibration  analyst  after  the  ship  has  been 
built,  it  is  essential  that  the  method 


adopted  to  predict  the  dynamic  response  of 
the  ship  should  be  available  in  the  early 
design  stages.  The  method  should  also  be 
capable  of  assisting  in  the  design  of  new 
ship  types.  B.S.R.A.  has  amassed  a large 
amount  of  empirical  data  which  is  suitable 
for  estimating  the  lower  hull  mode  frequencies 
from  basic  ship  parameters,  and  has  also 
produced  an  empirical  relationship  for  the 
vertical  blade  rate  vibration  at  the  stern 
gland,  (Ward  and  Willshare,  1).  However, 
there  is  a need  for  a method  to  calculate 
the  dynamic  response  at  reference  locations 
for  frequencies  higher  than  the  regime  of 
the  lower  hull  modes,  particularly  for  the 
large  modern  cankers  for  which  the  blade 
rate  is  typically  in  the  10-20  node  main 
hull  mode  range. 

The  complete  problem  of  defining  and 
estimating  the  dynamic  response  of  a general 
ship  structure  is  extremely  complex.  This 
paper  presents  an  approach  which  seeks  to 
simplify  the  theoretical  prediction  of  the 
dynamic  response  to  the  vertical  component 
of  the  excitation.  The  general  method 
presented  could  be  adapted  in  ■ ..  * to 

predict  the  transverse  and  torsional  vibration 
but  would  require  a more  detailed  consider- 
ation than  for  the  vertical  case. 

A finite  element  representation  of  the 
ship  structure  has  been  adopted  for  the 
present  theoretical  work.  The  prediction 
of  the  dynamic  response  of  complex  structures 
was,  in  fact,  the  objective  which  originally 
led  to  the  development  of  the  finite  element 
method  (Archer,  2).  This  development  has 
been  closely  coupled  to  the  advent  of  the 
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digital  computer  and  rapidly  expanding  com- 
puter facilities.  Some  25  years  after  the 
original  availability  of  a general  purpose 
machine,  we  have  today  a voluminous 
collection  of  reports  on  specialized  applic- 
ations and  furtherances  of  finite  element 
techniques. 

A decisive  advantage  of  the  finite 
element  method  as  a design  tool  is  that  the 
idealization  is  based  upon  a structural  rather 
than  a directly  mathematical  formulation. 
Knowledge  of  the  behaviour  of  individual 
structural  components  can  be  accounted  for 
in  the  discretization  of  the  real  structure 
into  its  fundamental  components.  Thus  the 
idealization  is  a logical  improvement  on  a 
simple  beam  model,  enabling  a closer  modelling 
of  the  real  structure  to  be  made. 

In  this  study  a finite  element  ideal- 
ization is  employed,  using  an  inhouse  computer 
program,  to  produce  a two-dimensional  model 
of  the  ship  structure  by  compressing  the 
ship  structure  into  a set  of  membrane  and 
bar  elements  along  a single  vertical  plane 
on  the  ship's  central  longitudinal  axis.  It 
is  known  that,  although  a beam  model  can  be 
adopted  to  produce  estimates  for  the  lower 
hull  mode  frequencies , it  is  necessary  to 
adopt  progressively  more  detailed  idealizations 
if  the  higher  frequency  range  is  to  be 
investigated.  In  practice  therefore  it  will 
be  necessary  to  compromise  between  coarseness 
of  idealization  and  the  required  accuracy 
of  the  predictions. 

At  this  time  it  is  hoped  that  the  two- 
dimensional  idealization  will  prove  to  be  of 
significant  use  and  it  is  intended  to  apply 
the  present  system  to  a range  of  ship  types 
to  determine  the  degree  of  applicability  in 
each  case.  The  first  ship  to  be  considered 
is  a 25  000  tonne  dwt  Products  Tanker  which 
has  been  the  subject  of  extensive  mechanical 
exciter  tests  and  sea  trials  conducted  by 
B.S.R.A.  The  basic  ship  parameters  are 
shown  in  Table  1. 

Whilst  it  is  known  that  other  ship 
research  organisations  are  carrying  out 
similar  types  of  investigations,  there  is  a 
shortage  of  published  material  which  correlates 
directly  the  calculated  and  measured  responses 
of  the  ship.  Due  to  the  complexity  of  the 
excitation  system  it  is  neither  practicable 
nor  expedient  to  compare  the  actual  vibration 
response  levels  with  calculated  response 
levels.  A more  satisfactory  approach,  which 
circumvents  the  complication  due  to  the 
excitation  system,  is  to  measure  the  response 
per  unit  force  (termed  mobility)  of  the  ship 
using  a mechanical  exciter  as  the  exciting 
force,  and  to  compare  the  measured  mobility 
directly  with  corresponding  calculated 
mobilities.  When  suitable  estimates  of  the 
actual  force  components  are  available,  it  is 
then  a simple  task  to  predict  the  actual 
response  of  the  ship. 

A problem  in  the  ship  response  calcul- 
ation is  that  reliable  damping  estimates  are 
difficult  to  obtain.  It  is  important  that 


realistic  values  of  damping  be  included  in 
the  theoretical  appraisal  if  the  response 
predictions  are  to  be  indicative  of  the 
true  dynamic  characteristics  of  the  ship 
structure.  The  approach  in  this  paper  has 
been  to  assume  a level  of  modal  damping,  as  a 
factor  of  the  critical  value,  viscous 
in  nature  and  with  coefficients  proportional 
to  the  modal  stiffness.  Values  indicated  by 
an  empirical  approach  have  been  compared  in 
this  paper  with  those  values  recorded  in  the 
exciter  tests  and  subsequently  analysed  by 
a polar  plotting  technique. 

Although  the  authors  are  aware  of  several 
reports  containing  fluid  finite  elements  and 
methods  of  surface  singularity  distributions , 
the  more  traditional  treatment  of  the  effects 
of  the  entrained  water  has  been  adopted  in 
this  paper.  The  added  virtual  mass  obtained 
from  an  analysis  using  the  work  of  Landweber 
and  Macagno  (3)  for  high  frequency 
oscillations  has  been  added  to  that  non- 
structural  mass  which  is  effective  along  the 
keel  of  the  Products  Tanker.  It  is  considered 
that  this  treatment  will  be  reasonable  when 
applied  to  the  present  degree  of  idealization. 

IDEALIZATION 

The  finite  element  method  is  a process 
whereby  a continuous  structure  having  an 
infinite  number  of  degrees  of  freedom  can  be 
approximated  to  by  an  assemblage  of  subregions, 
referred  to  as  elements.  Each  element  has  a 
specified  finite  number  of  freedoms  at  the 
reference  points,  i.e.  the  nodes  of  the 
element.  Although  the  choice  of  elements 
is  often  obvious , engineering  experience 
determines  the  approximations  introduced. 

Certain  basic  finite  elements  are  used 
in  this  paper  in  idealizing  the  ship  structure 
for  vertical  vibratory  response  to  a given 
source  of  excitation.  Figure  1 shows  the 
elements  used,  these  being  a subset  of  the 
elements  at  present  available  from  the  element 
library  at  B.S.R.A.  Each  element  is  assumed 
to  have  uniform  thickness  cross-sectional 
area  and  to  be  of  elastic,  isotropic  and 
homogeneous  material,  and  any  non-linearities 
in  the  structure  are  ignored.  The  two 
idealizations  used  in  this  paper  are  shown  in 
Figure  2.  The  beam  element  used  for  the  simple 
model,  included  in  this  paper  for  comparison 
with  the  accuracy  of  the  membrane  - bar 
idealization,  is  derived  from  beam  theory 
(Timoshenko,  k) . Shear  deflection  and  rotary 
inertia  effects  are  included  but  necessarily 
the  influence  of  local  vibration  is  neglected. 

In  the  membrane  - bar  idealization,  the 
2-noded  bar  element  is  merely  an  axial  load 
bearing  member  placed  along  an  extremity  of 
a basic  membrane  element.  The  constant  strain 
plane  stress  triangle  has  been  used  sparingly, 
and  preference  given  to  the  superior  linear 
strain  rectangle  and  a quadrilateral  element. 
Furthermore,  it  is  known  that  if  the  number 
of  degrees  of  freedom  associated  with  an 
element  is  increased,  while  keeping  the  total 
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number  of  structural  freedoms  the  same,  then 
better  results  are  obtained.  This  improvement 
is  associated  with  the  higher  order  integration 
rules  employed  in  the  more  complex  element. 

For  this  reason,  and  also  for  ease  of  data 
preparation,  an  8-noded  isoparametric 
quadrilateral  element  has  been  used  wherever 
possible  and  in  conjunction  with  a mid-side 
node  bar  element.  These  elements  are  very 
powerful  when  compared  to  an  equivalent  array 
of  basic  elements  and  are  ideally  suited  to 
the  structural  geometry  in  the  present 
idealization  of  the  forward  hull. 

Compatibility  (or  conformity)  of 
displacements  between  adjacent  elements  is 
ensured,  except  in  the  instances  where  a 
higher  order  element  has  been  connected  to 
basic  element  types.  The  extent  of  the 
incompatibility  in  the  present  modelling  is 
considered  to  be  insignificant.  It  is  then 
intuitive  that  the  idealization  will  be  to  a 
degree  too  stiff;  corresponding  to  the  mono- 
tonic convergence  of  the  total  potential- 
energy  to  a minimum  (within  the  context  of 
a two-dimensional  idealization)  as  the  element 
mesh  is  refined. 

The  effective  membrane  thickness  is 
chosen  to  represent  a summation  of  the  longit- 
udinal shear  carrying  members  of  the  ship, 
viz:  side-shell  and  longitudinal  bulkheads, 
although  it  is  suggested  by  Kline  and  Daidola 

(5)  that  this  will  give  an  overestimation  of 
the  shfear  stiffness.  Variations  in  the  shear 
stiffness  will  clearly  be  more  significant 

in  the  higher  vibration  modes.  The  longitud- 
inal stiffeners,  bottom  and  deck  plating  have 
been  included  as  axial  load  bearing  or  "bar” 
elements  of  appropriate  cross-sectional  area. 
These  must  be  placed  carefully  so  as  to 
maintain  a good  approximation  to  the  section's 
second  moment  of  area. 

The  effect  of  shear  lag  in  the 
continuous  transverse  structure  has  been 
ignored  in  this  two-dimensional  model.  Csupor 

(6)  and  Ohtaka,  et  al  (?)  give  accounts  of 
this  effect  which  is  a departure  from  a 
uniform  stress  loading  involving  shear  deform- 
ation in  the  plating:  more  significant  in  the 
higher  modes  as  the  distance  between  nodes 
decreases.'  resulting  in  higher  derivatives 

of  the  bending  displacement. 

A lumped  mass  formulation  has  been 
adopted  since  it  is  known  that  a lumped  mass 
model,  compared  to  a distributed  mass  model, 
of  a compatible  system  of  elements  will 
compensate  to  some  extent  for  the  inherent 
overestimation  of  stiffness  and  give  frequencies 
closer  to  the  frequencies  of  the  real  structure. 
This  point  was  brought  out  in  discussions 
following  the  presentation  of  a paper  by 
Archer  (2). 

The  total  structural  steel  mass  may 
be  obtained  from  the  designer  in  the  early 
stages  of  the  ship.  The  total  mass  of  the 
idealized  structure  is  available  from  the 
program  as  an  important  check  on  the  model. 

The  non-structural  mass  of  the  major 
components,  viz:  engine,  machinery,  propeller. 


anchor,  etc.,  is  suitably  lumped  to  the 
nearest  nodes , before  the  overall  density 
factor  is  modified  locally  to  account  for 
fittings,  small  items  and  paint  etc. 

Assuming  that  detailed  plans  were  not 
available,  this  process  could  still  be 
applied  with  some  degree  of  confidence  using 
preliminary  design  estimating  weights. 

The  cargo  has  been  lumped  at  the  nodes 
around  each  tank  so  as  to  retain  the  correct 
centre  of  gravity.  Kumai  (8)  states  that 
liquid  cargo  has  an  effectiveness  factor 
of  1.0  for  vertical  vibration,  although  the 
situation  is  more  complex  in  the  case  of 
transverse  vibrations. 

Treatment  of  the  added  mass  of  the 
entrained  water  is  described  in  the  next 
section.  For  the  Products  Tanker,  the  added 
mass  has  been  suitably  lumped  at  the  nodes 
along  the  length  of  the  keel. 

Structural  damping  is  a very  important 
parameter  for  the  evaluation  of  the  vibratory 
response  and  is  also  considered  in  a later 
section.  The  modal  frequencies  are  assumed 
to  be  independent  of  the  damping  of  the 
system  which  is  subsequently  included  as  a 
viscous  damping  in  terms  of  the  modal  critical 
value . 

The  excitation  has  been  taken  as  a unit 
force  acting  at  a single  node  above  the 
propeller  on  the  steering  gear  flat.  This 
corresponds  to  the  position  of  the  mechanical 
exciter  during  the  measurement  of  mobility. 

The  resulting  response  at  any  node  of  the 
system  is  then,  by  definition,  the  frequency 
dependent  transfer  mobility  function  to  that 
node.  Alternatively,  a force  vector  could  be 
applied  to  the  modal  system  to  represent 
the  fluctuating  pressure  over  the  hull  plating 
and  the  stern  bearing  forces. 

The  data  for  the  beam  model  has  been 
derived  directly  from  the  membrane  - bar 
idealization.  An  assumed  flexural  axis  has  been 
taken  for  the  superstructure.  It  is  realized 
that  this  beam  model  is  unsatisfactory  and 
physically  unrealistic  for  the  superstructure, 
but  a comparison  of  natural  frequencies  and 
mobilities  was  sought. 

THE  ADDED  MASS 

Recent  work  by  Misra  (9)  includes  a 
collection  of  references  which  indicates  the 
volume  of  research  into  the  added  mass  problem 
along  traditional  lines.  Several  fluid  finite 
elements  are  also  available,  see  for  example 
Matsumoto  (10),  Zienkiewicz  (11),  and 
Chowdhury  (12),  whilst  Hess  and  Smith  (13) 
have  employed  a surface  singularity 
distribution. 

The  interaction  between  the  vibrating 
ship  structure  and  its  surrounding  fluid 
is  in  the  form  of  an  induced  pressure  at  the 
interface.  The  integration  of  that  part  of 
the  pressure  which  is  in  phase  with  acceler- 
ation is  an  additional  inertia  term  whose 
coefficient  is  referred  to  as  the  added  mass 
of  the  entrained  water.  The  added  mass 
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is  included  together  with  the  structural  and 
cargo  mass  in  the  equations  of  motion. 

The  frequency  range  of  interest  for 
propeller-excited  vibration  is  considered  to 
be  above  the  range  for  which  the  added  mass 
is  frequency  dependent.  However,  the  effect 
of  the  mode  shape  on  the  value  of  the  added 
mass  to  be  associated  with  a particular  mode 
should  be  considered  in  a detailed  analysis. 

In  the  present  paper,  a conventional 
strip  theory  method  has  been  adopted  and  the 
dependence  on  mode  shape  ignored.  In  this 
approach,  due  to  Landweber  and  Macagno  (3), 
a basic  Lewis  form  is  assumed  for  the  ship 
section  together  with  a three-dimensional 
correction  factor.  Hoffman  (lb)  and  others 
have  given  a more  modern  treatment  of  the 
added  mass  by  this  conformal  mapping  technique, 
with  extension  from  the  simple  two  (Macagno,  3) 
and  three  (Macagno,  15)  parameter  families 
of  sectional  forms  to  an  n parameter  family. 
Hoffman  does  point  out,  however,  that  the 
additional  accuracy  obtained  from  the  more 
sophisticated  two-dimensional  treatment  does 
not  necessarily  justify  the  significant 
increase  in  computation  required. 

As  the  mode  of  vibration  becomes  more 
complex,  exact  three-dimensional  calculations 
have  shown  that  the  added  mass  decreases. 

Thus  the  values  of  the  added  mass  obtained 
from  the  above  theory  are  over-estimated  in 
the  higher  hull  modes.  This  will  have  a 
compensating  effect  upon  the  frequencies  of 
the  model  which  is  considered  to  be  somewhat 
too  stiff. 

THE  EIGENVALUE  PROBLEM 

The  equations  of  motion  for  the  struct- 
ural system  can  be  written  as 

MP  + Cp  + Kp  = P (1) 

where  M and  K are  respectively  the  global 
structural  mass  and  stiffness  matrices  formed 
as  above  and  C is  the  matrix  of  viscous 
damping  coefficients  as  described  in  a later 
section,  p,  p and  p are  the  vectors  of  nodal 
acceleration,  velocity  and  displacement 
respectively.  P is  the  dynamic  load  vector. 

The  elements  of  the  coefficient  matrices  are 
assumed  to  be  frequency  independent  and  are 
taken  to  be  linear  functions  of  the  nodal 
parameters. 

A second  order  effect  of  the  damping 
is  to  reduce  the  frequency  of  the  natural 
oscillations.  This  effect  is  neglected  in 
these  calculations  and  the  actual  natural 
frequencies  are  assumed  to  be  the  frequencies 
of  free  vibration.  Thus  the  procedure  employed 
is  to  evaluate  the  normal  modes  of  free 
vibration  and  then  to  include  the  damping  in 
a generalized  form.  The  equations  of  free 
vibration  lead  to  the  generalized  eigenvalue 
problem: 

(M  - AK)  q = 0 (2) 

where  1 is  an  eigenvalue  solution. 


If  there  are  n degrees  of  freedom  there  are 
n possible  eigenvalues  corresponding  to  the 
n natural  frequencies,  w = 1//T. 

The  n associated  eigenvectors,  q,  are 
the  corresponding  vibration  modes.  In  most 
dynamic  analyses  only  the  lowest  k frequencies 
are  required.  These  correspond  to  the  k most 
dominant  eigenvalues  of  the  system. 

A suitable  method  of  solution,  which 
has  been  adopted  in  this  present  paper,  is  due 
to  Jennings  and  Orr  (16)  who  take  advantage 
of  both  symmetry  and  bandform  of  the  mass  and 
stiffness  matrices.  The  problem  is  reduced 
to  standard  form  by  means  of  the  Choleski 
factorization  of  the  symmetric,  positive 
definite  matrix  K into  its  upper  and  lower 
triangular  factors. 

K = LL'  (3) 

where  the  prime  denotes  transposition.  L 
may  overwrite  K in  the  computer  storage. 

Equation  (2)  is  then  transformed: 

(L-1ML_1'  - XI)  q = 0 (It) 

where  q = L'  q (5) 

and  I is  the  unit  matrix. 

Equation  (U ) is  then  the  standard  form 
of  the  eigenvalue  problem: 

(A  - XI)  q2  = 0 (6) 

where  A is  a symmetric  but  full  matrix. 

Wilkinson  (IT)  in  his  classic  text 
describes  various  solutions  to  this  standard 
equation.  The  method  adopted  for  this  paper 
is  the  simultaneous  vector  iteration  method 
of  Jennings.  This  method  enables  eigenvectors 
of  close  or  equal  eigenvalues  to  be  resolved. 

The  method  continues  with  the  definition 
of  an  orthogonal  matrix  of  starting  vectors 
U.  This  matrix  may  be  a matrix  of  zeros 
and  ones;  or  may  be  randomly  generated;  or 
reasonable  approximations  to  the  true  vectors 
may  be  available  from  some  previous  and 
similar  analysis.  These  vectors  are  ortho- 
gonalized  initially  and  at  each  subsequent 
iteration  to  maintain  linear  independence. 

The  results  of  an  interactive  analysis  are 
utilized  to  uncouple  the  vectors.  The  matrix 
A is  never  explicitly  formed  and  thus  there 
is  no  need  to  work  with  a full  matrix. 
Convergence  of  the  predominant  vectors  is 
rapid  for  large  banded  forms. 

The  present  coding  is  considered  to  be 
efficient  for  small  to  medium  sized  dynamic 
problems.  The  mass  and  stiffness  matrices 
are  retained  in  the  central  core  of  the 
computer  and  three  arrays  are  required  for 
the  vectors.  For  small  bandwidths  and  say 
20  modes,  the  limitation  is  about  U00  free- 
doms on  the  B.S.R.A.  ICL  1903t  which  has, 
at  present,  96K  words  of  store  available 
using  the  operating  system  GEORGE  3 Mk  8. 

A variable  bandwidth  storage  scheme  is 
employed  for  the  mass  and  stiffness  matrices. 
The  size  of  the  problem  is  automatically 
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increased  by  3 modes  to  accelerate  convergence 
of  the  highest  mode  actually  required. 

The  method  proceeds  by  solving: 

L'X  = U (7) 


routines  to  be  applied  to  the  basic  algorithm. 
The  basic  method  could  be  adopted  for  large 
problems  of  several  thousand  degrees  of 
freedom  using  a modified  version  of  the 
program  which  utilizes  backing  store. 


for  X,  where  U is  the  matrix  of  trial  vectors. 
The  matrix  7 is  then  formed  by: 

Y = MX  (8) 

and  the  next  estimation  of  the  vectors  V is 
found  from: 

LV  = Y (9) 

Equations  (7)  to  (9)  define  the  essential 
iteration: 

V = AU  = L-1  ML_1'u 


The  interaction  matrix. 


B = U'  V = U'  AU 

is  determined,  and  from  B the  matrix  T is 
constructed  with  off-diagonal  elements  related 
to  those  of  B,  viz. 


-2b. 


ij 


(b . . - b . . ) + s Jj?  “ 72  T7T  2 

li  jj  /(b . . - b . . ) + 16b.  . 


JJ 


ij 

(10) 


where  s is  the  sign  of  b 


ij 

The  uncoupled  vectors  W then  follow 


from 


W = VT 

The  matrices  B and  T are  not  explicitly 
formed.  The  diagonal  elements  b..  give 
estimates  of  the  eigenvalues  whicA  are  used 
to  sort  the  vectors  into  their  correct  order 
of  dominance.  The  vectors  are  then  ortho- 
normalized.  Those  vectors  which  have 
converged  are  "locked" , and  the  iteration 
process  continues  from  the  step  of  equation 
(7)  with  U replaced  by  W until  convergence 
of  k vectors  is  completed. 

Having  determined  the  eigenvectors  to 
a required  tolerance,  the  vibration  mod  , q, 
may  be  determined  by  back-substitution  in 
equation  (5).  Theoretically  the  vectors 
converge  half  as  fast  as  the  eigenvalues. 

The  first  few  eigenvalues  should  converge 
rapidly. 

Jennings  (l6)  also  gives  a modification  for 
treatment  of  free  bodies  where  the  stiffness 
matrix  K is  singular  and  direct  decomposition 
to  triangular  form  not  ;.rds«'.bl3. 

Several  improvements  of  the  basic 
algorithm  have  been  suggested  but  are  not 
included  in  the  present  solution  technique. 

Sturm  sequences  may  be  incorporated  to 
accelerate  convergence  by  testing  for  grouping 
of  the  eigenvalues.  Giurgiutiu  and  Stafford 
(18)  give  several  proposed  acceleration 


DAMPING 


The  solution  to  the  homogeneous  set  of 
linear  equations  of  free  vibration,  equation 
(2),  as  derived  in  the  previous  section  is 
never  realized  in  practice  due  to  the  presence 
of  damping  forces.  In  the  absence  of  external 
excitation  the  damping  eventually  dissipates 
the  internal  energy  of  the  system  and  the 
motion  ceases. 

The  actual  form  of  the  damping  in  overall 
ship  vibration  is  not  simple,  but  to  a good 
approximation  may  be  taken  as  viscous  in 
nature,  i.e.  proportional  to  the  velocity  of 
the  motion.  Kumai  (19)  states  that  the 
external  hydrodynamic  damping  due  to  water 
friction,  the  generation  of  pressure  waves  and 
surface  waves  may  be  neglected  compared  to  the 
damping  of  the  structure  itself,  especially 
in  the  higher  modes.  In  fact  its  value 
actually  approaches  zero. 

In  the  present  paper,  the  total  damping 
is  taken  to  be  viscous  in  nature  and  is  consid- 
ered in  terms  of  the  critical  viscous  damping 
value  for  each  natural  mode  of  vibration. 

Critical  damping  is  that  level  of  modal 
damping  which  will  just  permit  free  oscillations. 
In  structural  systems,  the  damping  is  consid- 
erably less  than  the  critical  value.  Archer 
(2)  observes  that  the  only  case  which  leads 
to  simple  modal  damping  in  the  uncoupled 
equations  is  in  fact  that  of  proportional 
viscous  damping,  in  phase  with  velocity  by 
definition,  but  with  coefficients  proportional 
in  magnitude  to  either  the  modal  mass  or  the 
modal  stiffness.  In  general  it  is  to  be 
expected  that  the  damping  factor  will  increase 
with  the  frequency  of  the  mode,  due  to  the 
natural  modes  increasing  in  complexity.  This 
was  observed  by  McGoldrick  (20)  using  a 
vibration  generator. 

If  one  considers  only  the  damping  values 
reported  by  Johnson  and  Ayling  (21)  it  is 
soon  apparent  that  there  is  a wide  scatter 
of  measured  dampings.  As  Johnson  and  Ayling 
suggest  ,•  this  scatter  is  due  in  part  to  the 
inherent  inaccuracies  in  the  measurement 
techniques  themselves.  It  is  more  difficult 
to  define  a measured  modal  damping  for  the 
higher  modes  due  to  these  modes  being  more 
strongly  coupled  and  more  difficult  to  resolve. 

The  approach  of  Hylarides  (22),  who 
recommends  a damping  coefficient  matrix 
proportional  to  the  stiffness  matrix,  has 
been  adopted  herein  and  interpreted  in  a 
generalized  sense.  The  constant  of 
proportionality,  k,  is  dependent  to  some 
extent  upon  the  degree  of  idealization  of 
the  ship  structure^-  If  d.  and  k.  are 
respectively  the  iEi.  modal  generalized 
damping  and  stiffness,  then: 


d. 


l 


ck. 


i 


h 
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is  suggested,  with  < < 0.002  for  a two- 
dimensional  idealization  and  k near  to  0.001 
for  a fully  three-dimensional  idealization. 
Here  E-  is  the  modal  damping  factor  and  £ 
is  themodal  critical  value.  Ki 

Thus,  in  terms  of  the  damping  factor. 


* = *j  *CR.  = 2^i 


k. 

l 


and  it  is  seen  that  the  damping  factor  is 
proportional  to  the  frequency. 

An  alternative  approach  which  has  been 
considered  by  the  authors  is  due  to  Kumai , 
whose  earlier  work  (19)  includes  a modific- 
ation to  an  empirical  expression  due  to 
Lockwood-Taylor.  This  is  based  upon  a value 
suggested  for  the  damping  factor  of  the  2-node 
hull  mode  as  a function  of  ship  length.  The 
values  for  the  higher  modes  are  then  defined 
by 

E = E„  (“n  / 
n d d. 

Subsequently,  Kumai  (23)  developed  his 
beam  theory  to  include  in  some  detail  the 
effects  on  the  damping  of  shear  deflection 
and  rotary  inertia.  Interpreted  in  terms  of 
the  damping  factor,  Kumai  concludes: 


C = TTU  f K , 
n n n 


where  the  parameter  K^  is  defined  by: 
K = 1 + (—  a + B)  n^  tt2 


where 


1 + 
u 2 

V cs 


2 2 

(a  + B ) n it 

2.83  x 10  5 min.,  normal  (bending) 
viscosity  coefficient 

7.50  x 10  6 min.,  tangential 
(shearing)  viscosity  coefficient 
2 

EI/GAL  , shear  deflection  factor 


6 = (r/L)  , rotary  inertia  factor 

f = frequency  of  n-node  mode,  c/min. 

El  = flexural  rigidity 

GA  = shear  rigidity 

L = overall  length  of  beam 

r = radius  of  gyration  of  mass  moment 

of  inertia  of  the  beam  section. 


The  values  suggested  by  this  method 
rely  on  estimates  for  the  viscosity  coefficients. 
Assuming  the  abo.e  estimates,  the  values 
obtained  are  some  20%  higher  than  those  given 
by  Kumai' s empirical  formulation  when  applied  to 
the  numerical  example  of  his  earlier  work 
( Kumai , 19 ) . 


Figure  3 shows  the  more  readily  obtained 
values  from  a dependence  on  modal  stiffness  for 
consideration  of  the  ballast  condition  of  the 
Products  Tanker.  These  values  are  given  as 
a percentage  of  the  modal  critical  value  and 
compared  to  the  values  obtained  from  Kumai 's 
theoretical  formulation.  The  former  model 
has  been  used  in  the  present  paper  for  the 
modes  for  which  measured  values  are  not 
available. 

A survey  of  damping  values  in  the  lower 
hull  modes  readily  available  from  the 
literature,  and  further  values  measured  by 
B.S.R.A. , suggests  that  a constant  of 
proportionality,  k = O.OOlb  is  not  unreason- 
able for  a typical  membrane  idealization. 
Damping  values  of  the  lower  vertical  hull 
modes  quoted  by  Johnson  and  Ayling  (21) 
exhibited  a wide  scatter.  From  these  values, 
Johnson  and  Ayling  produced  a mean  frequency 
dependent  line  for  each  n-node  mode.  These 
lines  have  a proportionality  factor  decreasing 
in  magnitude  with  increasing  number  of  nodes. 
Figure  3 shows  the  range  covered  by  the  mean 
lines  for  the  2-node  through  to  the  8-node 
mode.  Also  included  in  Figure  3 is  the  mean 
damping  line  from  measured  values  for  the 
2-node  vertical  mode  on  four  ships  by 
Aertssen  and  Lembre  (2b). 

THE  RESPONSE  CALCULATION 

The  normal  modes  of  free  undamped 
vibration,  as  obtained  above,  are  used  as 
generalized  freedoms  to  solve  equation  (l)  by 
the  transformation: 

p = Uq  (11) 

Then  (l)  may  be  written: 

2 

qi  + 2 ^i^i^i  + “i  qi  = Qi  sin  u>t’  for 


i = 1,  2,  ... 

, n (12) 

where  m.  = 

U. ' MU. 

i 

l l 

k.  = 

U. ' KU. 

l 

1 1 

Q.  = 

U.  P 

i 

1 

0).  = 

k./m. 

l 

l i 

Here  U. 

is  the  i ^ normal  mode  vector; 

m. , k^ , are  respectively  the  i^1  mode 
generalized  mass,  stiffness  and  force;  co.  is 
the  i^b  natural  frequency,  ui  is  the  forcing 
frequency;  E-  is  the  i^  modal  damping  ratio. 

In  equation  (12)  the  damping  term  is 
included  as  a factor  of  the  critical  value 
2<u..  Since  we  are  interested  in  the  steady 
state  response  of  the  ship  structure , for 
comparison  with  mobility  measurements , the 
exciting  force  is  assumed  to  be  a single 
constant  harmonic  component.  In  the  propeller- 
excited  vibration  case,  where  the  force  is 
periodic,  but  not  simply  sinusoidal,  it  may 
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be  resolved  into  its  Fourier  constituents  and 
the  following  results  applied  to  the  harmonics 
separately  - the  final  solution  being  obtained 
by  summation. 

The  general  solution  to  equation  (12)  is 
well  known: 


qi(t)=_§L_ 


T(l-r.2)2  + (2C.r. 
1 11 


sin(wt  - 6 . ) 


= sin(iot  - 0^) 

Here  r.  = m and  0.  = tan  1 (2£.r. ) are 
l l i i 

“i  TT^7.2) 

respectively  the  modal  frequency  ratio  and 
phase,  with  respect  to  the  excitation. 

The  absolute  nodal  displacements  are  then 
the  vector  p given  by 

p = ( £ U.A.  cos  0.)  sin  out  - 

i=l  1 1 1 


- ( Z U.A.  sin  9.)  cos  nit 
i=l  1 1 


(13) 


MOBILITY  THEORY 


If  an  oscillatory  force  is  applied  to 
a continuous  mechanical  structure,  each  point 
of  the  structure  will  respond  with  an  oscill- 
atory motion  which  can  be  defined  in  terms  of 
its  velocity.  If  the  structure  behaves  in 
such  a way  that  the  amplitude  of  the  response 
is  directly  proportional  to  the  amplitude  of 
the  force,  then  the  structure  is  said  to  be 
linear. 

The  mobility,  M,  of  a linear  system  is 
defined  as  the  ratio  of  the  response  velocity, 
V,  to  the  ratio  of  the  applied  force,  F. 

That  is : M = V 
F 

Mobility  can  be  measured  either  as  a 
point  mobility  or  a transfer  mobility.  Point 
mobility  is  a measurement  of  velocity  divided 
by  force,  where  both  are  measured  at  the  point 
of  excitation.  Transfer  mobility  is  the 
measurement  of  velocity  at  some  other  point 
of  the  structure  divided  by  the  force  at 
the  point  of  excitation. 

Since  the  velocity  and  force  need  not 
be  in  phase,  mobility  is  a complex  quantity 
and  thus  the  complete  equation  for  mobility 
is : 

M = V cos  4 + i V sin  4 

F F 

where  i is 

In  order  that  all  the  information 
regarding  mobility  is  available,  it  is 
necessary  to  present  both  the  magnitude  of 
mobility  and  the  phase,  4,  of  the  velocity 
relative  to  the  force  as  functions  of  the 
frequency.  This  required  information  could 


be  presented  as  two  graphs.  However,  it  is 
possible  by  using  a polar  plotting  technique 
to  present  all  the  information  regarding 
phase,  magnitude  and  frequency  on  one  graph. 

This  type  of  presentation  is  described  in 
detail  by  Kennedy  and  Pancu  (25).  In  this 
technique  a resonance  is  detected  not  only 
by  a maximum  of  magnitude , but  also  by  the 
shape  of  the  curve  which  is  exactly  circular 
for  a single  uncoupled  resonance.  Possibly 
the  most  useful  feature  of  polar  plots  is  in 
that  they  can  be  used  to  produce  reliable 
damping  values  even  from  aata  of  a moderate 
quality. 

INSTRUMENTATION 

A schematic  representation  of  the 
measurement  and  analysing  equipment  adopted 
by  B.S.R.A.  for  the  mobility  work  is  shown 
in  Figure  U. 

The  exciter  consists  of  counter-rotating, 
out-of-balance  weights  which  are  arranged 
to  produce  a unidirectional  sinusoidal  force 
of  10  kN  at  1000  rev/min.  The  force  output 
is  proportional  to  (speed)2.  A once  per 
revolution  pulse  is  available  for  frequency 
monitoring. 

The  exciter  speed  control  unit  is 
stabilized  by  means  of  a servo  loop  and  has 
an  automatic  sweep  frequency  capability, 
which  produces  a linear  increase  of  exciter 
speed  at  pre-selected  rates  of  acceleration. 

The  force  is  measured  using  a special 
force  pedestal  designed  by  B.S.R.A.  which 
consists  of  four  steel  pillars  that  are 
strain  gauged,  mounted  on  a rigid  base  frame.  A 
carrier  amplifier  system  is  used  to  monitor 
the  induced  strains.  The  complete  system 
produces  a voltage  output  which  is  phase 
coherent  with,  and  proportional  to  the 
amplitude  of,  the  exciting  force.  The 
induced  velocities  are  measured  using  seismic 
velocity  transducers.  The  test  signals  are 
recorded  on  a lit  channel  frequency  modulated 
magnetic  tape  recorder  for  subsequent  analysis 
in  the  laboratory. 

The  analysis  equipment  consists  basically 
of  an  automatic  tracking  filter  wave  analyser 
which  produces  voltage  outputs  proportional 
to  mobility,  |m|  , phase,  4,  and  frequency,  to.  The 
mobility  and  phase  signals  can  also  be  trans- 
formed to  produce  |m|  sin  4 and  |m|  cos  4 values 
which  are  the  required  signals  for  polar 
plotting. 

THE  MOBILITY  TESTS 

Mobility  measurements  were  carried  out 
in  two  loading  conditions,  the  details  of 
which  are  shown  in  Figure  5.  The  exciter 
was  located  close  to  the  propeller  arch  on 
the  steering  gear  flat.  Previous  trials 
have  shown  that  the  response  due  to  excitation 
at  this  position  correlates  well  with  the  pro- 
peller excited  vibration.  Whilst  transverse 
excitation  was  carried  out  at  other  positions, 
attention  in  this  paper  is  restricted  to 
vertical  excitation. 
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It  is  normal  B.S.R.A.  practice  during  full 
scale  vibration  sea  trials  to  ensure  that  the 
ship  is  in  a depth  of  water  not  less  than 
five  times  the  mean  draught.  This  condition 
was  satisfied  for  the  ballast  condition  but 
may  not  have  been  satisfied  for  the  load 
condition,  since  the  ship  was  then  at  anchor 
in  an  estuary  with  a large  local  variation  in 
depth. 

A large  number  of  velocity  transducer 
positions  was  employed  in  the  vertical  direct- 
ion including  the  extreme  aft  end,  wheelhouse 
top,  stem  gland,  extreme  fore  end  and  the 
aft  end  of  the  navigating  bridge  deck. 
Longitudinal  velocity  transducers  were  arranged 
at  a number  of  locations  , including  the  wheel- 
house  top.  Transverse  velocity  transducers 
were  also  deployed  to  study  the  transfer  of 
vibration  from  the  vertical  to  the  transverse 
direction. 

The  frequency  range  investigated  with 
the  mechanical  exciter  was  from  150  c/min  to 
l600  c/min  although  only  results  in  the  range 
from  150  c/min  to  900  c/min  are  presented 
in  this  paper. 

Checks  for  reciprocity  and  linearity 
have  been  carried  out  by  B.S.R.A.  which  have 
shown  that,  within  the  velocity-force  range 
studied  with  the  exciter,  ship  structures 
are  both  linear  and  reciprocal. 

During  the  same  series  of  mobility  trials 
the  vibration  excited  by  the  propeller  was 
also  measured.  A very  good  agreement  with 
regard  to  resonant  frequencies  in  the  blade 
rate  frequency  range  was  obtained  between  the 
mobility  data  and  the  service  propeller - 
excited  vibration  data.  By  dividing,  for  any 
point,  the  service  vibration  velocity  by  the 
mobility  measured  using  the  exciter  , it  is 
possible  to  derive  a total  effective  force. 

This  derived  total  effective  force  is  an 
equivalent  point  force,  acting  at  the  exciter 
position,  which  can  be  used  to  represent  the 
combined  effect  of  the  vertical,  transverse 
and  longitudinal  stem  bearing  and  pressure 
force  system.  Values  for  the  derived  blade 
rate,  2 x blade  rate  and  3 x blade  rate 
forces  have  been  obtained  although  they  are 
not  presented  in  this  paper. 

RESULTS 

Since  the  internal  structure  of  a ship 
is , in  general , neither  homogeneous  nor 
symmetrical  about  the  vertical  plane  along 
the  major  axis  of  the  ship,  a vertical 
exciting  force  on  this  axis  will  produce 
athwartship  vibration  in  addition  to  the 
vertical  and  fore  and  aft  vibrations.  The 
athwartship  transfer  mobility  at  various 
locations  on  the  ship  were  measured.  These 
have  been  found  to  be  typically  6:1  lower  than 
the  corresponding  vertical  mobilities. 

It  is  therefore  considered  that  in  this  case 
the  coupling  to  the  transverse  direction  can 
be  neglected  to  a first  approximation,  and 
that  a two-dimensional  idealization  is 
reasonable  for  vertical  response  within  the 
frequency  range  considered  for  this  ship. 


Finite  element  calculations  have  been 
carried  out  for  both  the  load  and  ballast 
conditions  of  the  tanker  using  the  membrane- 
bar  idealization  and  the  beam  model,  shown 
in  Figure  2.  The  respective  loading  distrib- 
utions are  shown  in  Figure  5.  The  first  20 
resonant  modes  have  been  calculated  for  each 
condition  and  these  are  listed  in  Table  2. 

For  the  same  mode  , the  membrane-bar  idealization 
generally  produces  a lower  frequency  than  does 
the  beam  model. 

As  part  of  the  facilities  available  at 
B.S.R.A.  it  is  possible  to  plot  automatically 
the  mode  shapes  of  the  various  computed  normal 
modes.  The  mode  shapes  for  the  ballast 
condition  membrane-bar  idealization  are 
presented  in  Figures  6,  7,  8,  9.  Similar 
mode  shapes,  not  presented  here,  were  produced 
for  the  load  condition. 

The  mode  shapes  generated  by  the  beam 
model  were  similar  to  those  generated  by 
the  membrane-bar  idealization  although  the 
same  degree  of  detail  was  not  available. 

From  Table  2 it  can  be  seen  that  3 axial 
modes  of  vibration  have  been  computed  in  the 
frequency  range  considered  for  both  loading 
conditions  by  each  idealization. 

The  other  modes  are  predominantly  vertical 
modes.  No  clear  deckhouse  mode  is  computed 
although  many  of  the  modes  have  large  deck- 
house components. 

It  is  significant  that  above  J00  c/min 
there  is  a group  of  modes,  which  are  close 
together  in  frequency  and  have  high  relative 
aft  end  displacements.  These  frequencies  are 
typically  in  the  twice  blade  rate  frequency 
range  for  many  ships  and  may  well  be  a reason 
for  severe  aft  end  vibration  problems  due  to 
the  twice  blade  rate  excitation  in  some  ships. 

Many  of  the  higher  frequency  modes  show 
isolated  areas  of  the  vertical  plating  where 
the  lower  region  is  vibrating'  with  a large 
amplitude  relative  to  the  plating  above.  This 
is  an  effect  of  the  added  mass  of  entrained 
water  in  these  regions. 

From  the  full  scale  mobility  measurements , 
and  also  from  supporting  propeller-excited 
vibration  trials,  it  has  been  possible  to 
identify  some  of  the  lower  hull  mode 
frequencies.  The  ratios  of  the  computed  to  the 
measured  values  are  shown  in  Table  3,  for 
both  loading  conditions  arid  the  two  idealiz- 
ations. In  general  the  membrane-bar  idealiz- 
ation gives  a closer  estimate  of  the 
individual  frequencies  than  the  beam  model. 

Figures  10  and  11  show,  for  the  ballast 
and  load  conditions  respectively,  the  computed 
transfer  mobilities  from  the  node  on  the 
idealized  structure  which  corresponds  to  the 
exciter  location  to  a selection  of  reference 
locations  for  both  idealizations.  Figure  2 
shows  the  exciter  location.  The  measured 
transfer  mobilities  are  also  presented  in 
Figures  10  and  11. 

The  computed  values  were  obtained  by 
adopting  the  damping  factors  discussed  earlier 
and  summing  the  contributions  due  to  the 
first  20  modes  only.  The  responses  at  the 
higher  frequencies  should  be  considered 
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with  caution  due  to  this  truncation  of  the 
modal  model.  In  fact,  the  more  complex 
dynamic  characteristics  suggested  by  the 
measured  mobilities  above  about  600  c/min 
indicate  a limitation  of  the  present  membrane 
idealization  and  the  requirement  for  a more 
precise  treatment  of  local  structural  detail 
for  the  consideration  of  the  higher  frequency 
range. 

For  the  ballast  condition,  the  membrane- 
bar  idealization  produces  a better  correlation 
with  the  measured  mobilities  than  the  beam 
idealization,  particularly  for  the  wheelhouse 
top  responses.  In  all  cases  the  general 
computed  mobility  levels  follow  the  same  trend 
lines  as  the  measured  values.  This  is  true 
even  for  the  forward  end  where  there  is  a 
rapid  decrease  in  mobility  with  increasing 
frequency . 

For  the  load  condition  the  correlation 
between  the  measured  and  computed  mobilities 
is  quite  reasonable  but  not  as  good  as  for 
the  ballast  condition.-  In  this  case  the  beam 
model  produces  almost  as  good  a correlation 
as  the  membrane-bar  idealization. 

Clearly  the  membrane-bar  idealization 
can  produce  estimates  of  mobility  for  locations 
which  can  not  be  considered  in  the  beam  model. 
In  general,  therefore,  it  can  be  seen  both  from 
the  frequency  estimate  considerations  and  from 
transfer  mobility  considerations  that  the 
membrane-bar  idealization  is  significantly 
better  than  the  beam  model.  The  membrane-bar 
idealization  has  produced  fair  estimates  of 
the  response  up  to  a frequency  approaching 
the  twice  blade  rate  frequency. 

CONCLUSIONS  AND  FURTHER  WORK 

This  paper  has  contributed  towards  a 
wider  programme  of  research  into  the  problem 
of  propeller-excited  vibration  which  aims  to 
determine  the  applicability  of  a range  of 
finite  element  idealizations,  increasing  in 
complexity,  and  directed  primarily  at  the 
design  stages  of  a general  ship  design.  It 
is  intended  to  apply  the  present  system  to 
a range  of  ship  types. 

Although  improvements  on  the  traditional 
beam  model  have  been  obtained  in  estimating 
the  dynamic  characteristics  of  a Products 
Tanker,  limitations  of  various  aspects  of  the 
present  theoretical  model  have  been  noted. 
However,  it  should  be  possible  to  include 
several  minor  refinements  to  lessen  these 
restrictions  on  the  membrane  idealization. 

Three-dimensional  effects  on  the  vertical 
stiffness  representation,  such  as  consider- 
ations of  shear  lag,  the  lack  of  detailed 
continuity  locally  in  the  deckhouse,  and  non- 
vertical side  shell  members,  still  need  to 
be  given  a satisfactory  treatment. 

A membrane  element  which  includes  in- 
plane rotation  is  being  included  in  the  element 
library  for  use  in  conjunction  with  beam  rather 
than  bar  elements.  This  should  make  it 
possible  to  model  more  accurately,  but  in  a 
similar  manner  to  the  basic  membrane  approach, 
such  regions  as  the  ship's  bottom. 


A more  detailed  estimation  of  the  added 
mass,  which  is  able  to  account  for  the 
dependence  on  mode  shape,  should  also  be 
considered  for  subsequent  calculations. 

There  is  a need  for  further  information 
on  damping  levels , particularly  in  the  higher 
modes,  where  it  is  suggested  that  the  approach 
adopted  in  the  present  paper  overestimates 
the  actual  damping.  It  should  be  possible  to 
obtain  this  information  using  the  polar  plot- 
ting technique  which  has  been  referred  to 
in  this  paper. 

There  is  a requirement  for  a sub- 
structuring technique  which  could  be  used  as 
a design  tool  to  assist  in  this  general 
programme  of  work.  The  main  advantages  of 
this  technique,  which  could  involve  separate 
consideration  of  the  major  structural  regions, 
would  be  in  reducing  the  maximum  core  required 
for  a given  idealization  and  in  the  efficient 
consideration  of  varying  degrees  of  idealiz- 
ation for  the  different  regions.  Damping 
could  then  be  treated  in  a more  detailed  manner 
as  dependent  upon  the  components  of  the  local 
vibration  modes  in  the  natural  mode  of 
vibration. 
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MAIN  HULL 


LENGTH 

B.P. 

1615  m 

BEAM 

MLD 

25  0 m 

DEPTH 

MLD 

12  6 m 

BLOCK 

COEFF. 

0 8105 

DECKHOUSE 

POSITION  FULLY  AFT 

N°'  OF  TIERS  5 

MEAN  LENGTH  26  8m 

HEIGHT  ABOVE  MAIN  DK  13  Om 




y 

MIDSHIP  SECTION 


FREQUENCY  (c/mm) 

MODE 

DEFINITION 

BALLAST 

LOAD 

N°  OF 
VERTICAL 
NODES 

BEAM 

MEMBRANE 
- BAR 

BEAM 

membrane 

- BAR 

55  7 

54  6 

50  9 

48  1 

2 

127 

123 

114 

106 

3 

199 

192 

180 

170 

4 

283 

273 

253 

240 

5 

348 

356 

298 

290 

1st  AXIAL 

353 

3 40 

318 

307 

6 

419 

409 

385 

374 

7 

491 

476 

454 

441 

8 

540 

517 

519 

496 

9 

623 

619 

577 

544 

2nd  AXIAL 

663 

676 

552 

564 

10 

693 

687 

667 

644 

11 

744 

721 

695 

675 

12 

803 

760 

742 

701 

13 

832 

790 

786 

738 

14 

899 

821 

809 

782 

15 

920 

836 

860 

800 

1 6 

947 

853 

864 

810 

17 

964 

879 

846 

74  8 

3rd  AXIAL 

987 

913 

884 

815 

18 

Table  2 : List  of  calculated  frequencies  for  the  two  idealizations 


PROPULSION  SYSTEM 
PROPELLER  rev/min  120 

N°  OF  PROPELLER  BLADES  4 

BLADE  RATE  c/min  480 


Table  1 : Basic  ship  parameters 
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RATIO  CALCULATED  TO  MEASURED 

FREQUENCY 

MODE 

BALLAST 

LOAD 

MEMBRANE 

-BAR 

BEAM 

MEMBRANE 

-BAR 

BEAM 

2- NODE  VERTICAL 

3-  1 1 ii 

0-99 

1-02 

0-96 

0-99 

4-n  ii 

1-02 

1-05 

0*98 

1*04 

5-11  ii 

1-09 

M3 

1-01 

1-06 

6-  i 1 ii 

1-03 

1-06 

0-97 

1-00 

7-m  ii 

1-02 

1-05 

Table  3 : Ratios  of  calculated  to  measured  frequencies 


BAR 

(2  NODES) 

CONSTANT  STRAIN  TRIANGLE 
(3  NODES) 


LINEAR  STRAIN  RECTANGLE 
(4  NODES) 


QUADRILATERAL 
(4  NODES) 


ISOPARAMETRIC  QUADRILATERAL 
(8  NODES) 


• • • ISOPARAMETRIC  BAR 

(3  NODES) 

Fig.  1 : Element  types  employed  for  membrane-ber 
idealization 
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% CRITICAL  DAMPING  RATIO 


VI. 35 


66  76  84  iDEAl'ZATiCN  EmPlOTS  - ’29  NODES  268  DEGREES  OP  P»EEDOM 


EAC’ER 

CATION 

4766 

4 J 

ELEMENT 

S EmPlC 

ED  -'63  BARS  27  .SOPARAWETRiC 
9 SOPapame  TR GoADR  A 

Baps 
•*>A  s 

U QjAOR'L  AT  ERA. 
4 3 JNE  A»  STRE'  S 

\ *yl 

»EC 

'A 

JGlES  ’3  CONSTANT 

STRAIN 

TRIANGLES 

4 8 13  u 

L 

II 

79  8 

8 

9 

94  36 

99 

K 

• 104  106  1 

)9  i 

1 114  116 

119 

121 

124 

126  1 

< 

T 

• 

' 

* ’8* 

5 ^ .1 

1 I 

. 

^ 7B  _ 

. 

88 

93  1 

198 

|1Q3 

101  __ 

"8 

p23 

» 



J 

' 

. 

t 

1 

U 2* 

3 

48 

6 

67  77  8 

87 

9 

j 9 

95 

97 

1 

0 102  1 

5 i07  no  i 

2 US 

117 

120 

~ 122 

125  i" 

(q)  MEMBRANE  - BAR  IDEALIZATION 


idealization  EMPlOTS-32  NODES  96  DEGREES  OP  PREEDOM 
ELEMENTS  EMPLOYED  3’  BEAMS  WITH  SH EAR  DEPQRmaTiON 


(b)  BEAM  IDEALIZATION 

Fig.  2 : The  two  idealizations  of  the  structure 


Fig.  3 : Damping  coefficients  of  main  hull  vertical  modes 
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LOADED  CONDITION 

DISPLACEMENT  31,710  Tonnes 
POR'D  DRAUGHT  8 27  m 
APT  DRAUGHT  10  59  m 
MEAN  DRAUGHT  9 43  m 


Fig.  5:  Test  loading  conditions 


BALLAST  CONDITION 

DISPLACEMENT  23,600  Tonnes 
FOR'D  DRAUGHT  7 2m 
AFT  DRAUGHT  7 2m 
MEAN  DRAUGHT  7 2m 
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I 
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Fig.  6 : Calculated  normal  mode  shapes  (modes  1-5)  for  the 


ballast  condition 
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Fig.  7:  Calculated  normal  mode  shapes  (modes  6-10)  for  the 
ballast  condition 
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LOW  FREQUENCY  SECOND  ORDER  WAVE  FORCES 
ON  VESSELS  MOORED  AT  SEA 


VI. 39 


J.  A.  PINKSTER 

Netherlands  Ship  Model  Basin,  Wageningen 


SYNOPSIS 


In  order  to  gain  more  insight  in  the  distribution  of  the  second  order  force  in  head  waves 
over  the  length  of  a moored  vessel,  tests  were  carried  out  using  a three-piece  model.  The 
results  indicated  large  assymmetry  of  the  force  which  is  of  consequence  for  the  calcula- 
tion of  the  low  frequency  second  order  force  in  irregular  waves.  Expressions  are  derived 
based  on  integration  of  pressures  over  the  wetted  surface  of  the  hull,  by  means  of  which 
the  low  frequency  force  in  irregular  waves  may  be  calculated.  An  example  of  the  applica- 
tion of  these  results  using  input  from  strip  theory  ship  motion  calculations  is  given 


INTRODUCTION 

Low  frequency  horizontal  motions  of  vessels 
moored  in  a sea  way  are  to  a large  extent 
attributable  to  low  frequency  second  order 
hydrodynamic  forces  acting  on  the  hull. 

The  necessity  to  take  into  account  the 
effects  of  such  low  frequency  excitations 
on  the  horizontal  motions  and  mooring 
forces  has  been  shown  by  a number  of  au- 
thors. Generally  this  has  been  done  on  the 
basis  of  observations  and  measurements 
made  from  model  tests. 

In  order  to  determine  the  effects  of  low 
frequency  excitation  forces  on  the  hori- 
zontal motions  of  moored  vessels,  it  is 
necessary  to  determine  quantitively  the 
forces  involved.  In  this  paper  we  will 
restrict  ourselves  mainly  to  the  nature  of 
these  excitation  forces.  It  should  be  noted 
however,  that  the  reactions  of  the  moored 
vessel  to  low  frequency  excitations  i.e. 
the  low  frequency  motions,  in  themselves 
form  a considerable  part  of  the  total  pro- 
blem. 

Before  entering  into  more  details,  we  will 
recall  some  of  the  basic  properties  of  the 
second  order  wave  forces. 

In  regular  waves  the  second  order  force  on 
a freely  floating  vessel  or  fixed  object 
contains  a constant  part  and  a part  which 
oscillates  with  twice  the  frequency  of  the 
incident  waves.  Gerritsma  (1)  has  shown 
experimentally  that  the  constant  force  is 
proportional  to  the  square  of  the  wave 
height . 

In  irregular  waves  the  second  order  con- 
tains a low  frequency  part  (mean  included) 
with  frequencies  between  zero  and  the  wave 
frequency  and  a part  with  frequencies  in 
the  order  of  twice  the  frequency  of  the 
irregular  waves.  The  quadratic  relation- 
ship between  the  low  frequency  force  and 
the  wave  height  in  irregular  waves  has 


been  confirmed  by  tests  and  calculations 
carried  out  by  Dalzell  (2)  and  is  also 
inferred  by  the  results  of  tests  carried 
out  at  the  Netherlands  Ship  Model  Basin 
with  the  model  of  a vessel  moored  by  lin- 
ear springs  in  head  waves.  See  Figure  1. 
This  Figure  shows  a linear  relationship 
between  the  significant  low  frequency 
surge  motion  and  the  square  of  the  signi- 
ficant wave  height  of  the  irregular  head 
waves,  which  all  had  approximately  the 
same  mean  period.  The  spectra  of  some  of 
the  waves  in  which  these  tests  were  carried 
out  are  shown  in  Figure  2.  Similar  results 
as  given  here  have  also  been  found  by 
Bowers  (3) . 


NOMENCLATURE 


S 


Force  along  the  axis  of  fixed 
system  of  axes 

Wetted  surface 


( ( o ) 

<D 


(2) 


dS 


Initial  wetted  surface 
Pressure 
Static  pressure 

1°  order  pressure 
wave  height 

2®  order  pressure 
with  wave  height 

Directional  cosine  of  surface 
element  on  S along  k-axis  of 
fixed  system  of  axes 

"urface  element  on  S 


linear  with 
quadratic 


nfc  : Directional  cosine  of  surface 

element  on  S along  k-axis  of 
body  axes 

n^1*,  nk^  ! l0  and  2°  order  variation  of 

directional  cosine  of  dS  along 
k-axis  of  fixed  system  of  axes 
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4> 


(2) 


Total  velocity  potential  in- 
cluding all  orders 
1°  and  2°  order  approxima- 
tions to  4> 

1°  order  incident  irregular 
wave  measured  in  a fixed 
point 

Amplitude  of  ith  component 
of  the  irregular  wave 

Random  phase  angle 

1°  order  relative  wave  height 
along  the  hull 


x,  (X1) , e (X.) : Amplitude  and  phase  of 
ri  ri  ' ith  component  of  the  rela- 

tive wave  height 


(X,),FI.:  Relative  wave  height  and 
ri  1 vertical  force  made  non- 

dimensional  with  amplitude 
of  ith  component  of  inci- 
dent wave 


P. 
i . 
1 


In  phase  and  out  of  phase 
components  of  tranfer  func- 
tion of  low  frequency  second 
order  force 


Amplitude  of  transfer  func- 
tion of  second  order  force 


E 


Phase  angle  of  second  order 
force 


io,  u , 0^,(0^: 
Sj.too)  : 


Frequencies  in  rad. /sec. 

Mean  second  order  force 
along  Xj  axis 

Spectral  density  of  irregu- 
lar waves 


sF(u) 

\lL 

S, 


m , b , c 


Spectral  density  of  low  fre- 
quency second  order  force 

Area  of  water  plane 

1°  moment  of  water  plane 
about  the  Xj-axis 

1°  moment  of  water  plane 
about  the  X2~axis 

1°  order  heave  motion  of 
origin  of  body  axes  in 
fixed  system  of  axes 

Mass,  damping  and  restoring 
force  coefficients  of  equa- 
tions of  motion 

Mean  and  r.m.s.  of  surge 
motion 


C 


a 


Amplitude  of  wave  in  regular 
wave  tests 


CALCULATION  OF  LOW  FREQUENCY  SECOND 
ORDER  FORCES 

Calculation  of  the  low  frequency  second 
order  force  in  irregular  waves  has  gen- 
erally been  carried  out  using  the  mean 
second  order  force  in  regular  waves  as  a 
basis  (4) (5).  Rye  (6)  has  found  that  the 
accuracy  of  the  method  is  increased  if 
tests  in  regular  wave  groups  are  used. 
Dalzell  (2)  has  demonstrated  from  analy- 
sis of  measured  low  frequency  forces  in 


irregular  waves  that  the  relationship  be- 
tween the  low  frequency  second  order  force 
and  the  irregular  wave  is  in  reality  far 
more  complex  than  is  assumed  when  use  is 
made  of  the  mean  second  order  force  in  re- 
gular waves.  However,  Newman  (8)  has  shown 
that  the  use  of  regular  wave  results  is 
correct  as  long  as  only  very  low  frequen- 
cies of  the  second  order  force  are  con- 
sidered. In  some  cases,  a synthesis  of  the 
low  frequency  second  order  force  has  been 
made  using  the  total  momentum  flux  passing 
through  vertical  control  surfaces  situated 
on  either  side  of  the  vessel  for  the  beam 
wave  case  (7)  or  at  the  fore  and  aft  per- 
pendicular when  head  waves  are  considered 
(3) . The  validity  of  both  these  methods 
has  been  checked  indirectly  by  comparison 
of  the  calculated  low  frequency  horizontal 
motion  and  the  low  frequency  motion  mea- 
sured from  model  tests.  In  some  cases  the 
use  of  the  mean  drifting  force  in  regular 
waves  as  a basis  for  calculating  the  low 
frequency  force  appeared  to  be  satisfacto- 
ry (4)  (5) , while  in  other  cases  (6)  con- 
siderable discrepancies  in  calculated  and 
measured  motions  have  occurred.  Although 
the  synthesis  of  the  low  frequency  second 
order  force  as  used  by  Bowers  (3)  is  ap- 
proximative since  the  actual  ship  is  only 
roughly  incorporated,  the  results  are  of 
interest  since  the  total  force  is  made  up 
of  contributions  arising  at  different 
parts  of  the  vessel,  each  contribution 
being  related  to  the  pressures  at  the  con- 
trol surface  under  consideration. 

At  the  NSMB  estimates  of  the  low  frequency 
behaviour  of  moored  vessels  have  been  made 
using  regular  wave  test  results  combined 
with  a calculation  method  outlined  in  (4) 
and  (5) . The  degree  of  success  of  these 
estimates  was  such  that  the  need  was  felt 
for  more  insight  in  the  hydrodynamic  phe- 
nomena involved.  Specifically  what  was 
wanted  was  knowledge  of  the  distribution 
of  the  second  order  force  over  the  length 
of  a vessel  moored  in  head  seas.  This 
could  be  of  use  to  explain  some  of  the  dis- 
crepancies found  between  calculated  and 
measured  low  frequency  motions.  To  this  end 
a series  of  model  tests  with  a simplified 
hull  form  was  carried  out  in  head  waves. 


MODEL  TESTS 

The  model  chosen  for  these  tests  was  a 
three-piece  hull  consisting  of  a rectangu- 
lar mid  body  with  identical  pointed  bow  and 
stern  section  (See  Figure  3) . The  three 
parts  were  independently  connected  to  a 
rigid  beam  running  over  the  length  of  the 
vessel.  The  model  was  made  water  tight  by 
means  of  polythene  sheet  taped  to  the  seams 
between  mid  body  and  bow  and  stern  section. 
The  connection  between  the  rigid  beam  and 
each  hull  section  was  such  that  no  relative 
motions  could  occur  between  beam  and  sec- 
tion. In  each  section  a force  transducer 
was  placed  by  means  of  which  the  force  pa- 
rallel to  the  keel  could  be  measured  be- 
tween the  section  and  the  rigid  beam.  The 
complete  model  including  rigid  beam  was 
free  to  heave,  pitch  and  surge. 
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The  mooring  system,  which  was  linear,  con- 
sisted of  two  elastic  vertical  rods  clamp- 
ed at  the  upper  end  to  the  basin  roof  con- 
struction and  connected  to  the  rigid  beam 
on  the  model  via  telescopic  units  by  means 
of  ball  and  socket  joint. 

Besides  the  three  forces  between  the  rigid 
beam  and  the  hull  sections,  the  following 
signals  were  also  measured: 

- the  relative  wave  height  at  6 positions 
along  the  length  of  the  vessel 

- the  surge  motion. 

The  relative  wave  heights  were  measured  by 
means  of  resistance  type  wave  probes, 
placed  approximately  1 cm  away  from  the 
side  of  the  hull. 

The  surge  motion  was  measured  by  means  of 
a potentiometer. 

The  model  scale  was  set  at  1:50. 

The  main  particulars  for  full  scale  were 
as  follows: 

Length  230.0  m 

Breadth  30 . 5 m 

Draught  7.5  m 

Displacement  39262.5  m3 

The  water  depth  amounted  to  50  m in  reali- 
ty. 


The  test  program  consisted  of  tests  in  re- 
gular head  waves  for  a range  of  wave  fre- 
quencies followed  by  a number  of  tests  in 
irregular  head  waves  using  different  wave 
spectra  and  stiffnesses  of  the  mooring 
system. 

Motion  decay  tests  were  carried  out  to 
determine  the  damping  and  added  mass  for 
surge  motion. 

The  main  purpose  of  the  tests  in  regular 
waves  was  to  measure  the  contributions  of 
bow,  mid  body  and  stern  to  the  overall 
mean  longitudinal  force  which  could  be  de- 
termined from  the  mean  surge  and  the 
stiffness  of  the  mooring. 

The  main  purpose  of  the  tests  in  irregular 
waves  was  to  supply  test  results  with 
which  later  to  be  calculated  results  for 
the  surge  motion  could  be  compared. 

During  tests  in  regular  waves,  analog 
filtering  was  applied  to  the  signals  of 
the  forces  between  the  rigid  beam  and  the 
hull  sections  in  order  to  remove  the  very 
large  first  order  force  with  wave  fre- 
quency and  leave  only  the  constant  part  of 
the  second  order  wave  force. 

The  main  results  of  the  tests  in  regular 
waves  are  shown  in  Figure  4 and  5.  Figure 
4 shows  the  constant  second  order  forces 
on  each  hull  section,  it  is  seen  that  gen- 
erally the  mean  force  or.  the  bow  is  direct- 
ed forward . The  force  on  the  unit  body  may 
be  towards  either  the  bow  or  the  stern. 


It  should  be  borne  in  mind  that  the  forces 
on  each  section  are  not  purely  hydrodyna- 
mic since  they  were  measured  in  a moving 
system  of  axes.  This  means  that  also  cen- 
trifugal forces  acting  on  each  element 
have  been  measured  as  well  as  weight  com- 
ponents due  to  mean  shift  in  the  trim  of 
the  vessel.  These  effects  have  not  been 
corrected  for.  However,  the  influence  of 


these  force  components  does  not  appear  to 
be  excessive  if  we  compare  the  total  mean 
surge  force  to  the  sum  of  the  forces  on 
each  element  (see  Figure  5) . 

Comparison  of  the  forces  on  each  section 
with  the  total  force  on  the  model  shown  in 
Figure  5 shows  that  the  force  on  bow  and 
stern  is  considerably  larger  than  the  to- 
tal force  for  a large  range  of  frequencies. 

From  the  results  of  these  tests  it  is  con- 
cluded that  the  total  second  order  force 
on  the  model  is  not  the  sum  of  small  con- 
tributions with  the  same  sign  but  rather 
the  difference  between  large  contributions 
from  the  fore  and  aft  body  each  of  which 
may  be  considerably  larger  than  the  total. 
It  can  be  shown  that,  if  the  low  frequency 
second  order  force  was  calculated  taking 
the  distribution  of  the  force  over  the 
hull  into  account,  it  is  possible  to  ar- 
rive at  higher  values  than  would  be  found 
using  the  mean  drifting  force  found  for 
the  whole  vessel.  See  ref.  (5)  . 

On  the  basis  of  the  results  it  was  felt 
that  calculation  of  low  frequency  second 
order  forces  on  a vessel  should  take  such 
effects  into  account  if  consistent  results 
are  to  be  expected.  This  means  that  the 
second  order  force  on  the  vessel  should  be 
calculated  by  integration  of  individual 
contributions  from  each  wetted  surface 
element  of  the  hull.  This,  however,  re- 
quires that  all  effects  which  contribute 
to  the  total  second  order  hydrodynamic 
force  on  the  hull  must  be  known.  This  can 
be  deduced  if  we  take  the  general  case  of 
a vessel,  lying  in  waves  of  small  ampli- 
tude coming  from  arbitrary  directions, 
carrying  out  motions  in  all  six  degrees  of 
motions  and  assume  that  the  velocity  po- 
tential describing  the  fluid  motion  and 
the  ship  motions  are  known. 


DERIVATION  OF  CONTRIBUTIONS  TO  SECOND  OR- 
DER FORCE 

We  will  first  define  the  systems  of  co-or- 
dinate axes  to  be  used. 

The  first  system  of  co-ordinates  is  a 
fixed  O-Xj^-Xj-Xj  system  with  oriain  0 in 
the  still  water  surface  and  with  positive 
X,  axis  vertically  upwards. 

The  second  svstem  of  co-ordinates  is  the 
0-XJ-X2-XJ  system  of  ship  bound  axes  with 
origin  o in  the  still  water  plane  of  the 
vessel  at  half  length  on  the  centre  line. 
The  positive  x^  axis  is  vertically  upwards, 
the  positive  Xj  axis  is  towards  the  bow. 
The  positive  X2  axis  is  to  nort.  The  angu- 
lar motions  of  the  vessel  about  the  body 
bound  axes  are  x^ , xg  and  xg  which  corre- 
spond to  roll,  pitch  and  yaw  respectively. 
Positive  roll  is  defined  as  roll  to  Star- 
board, positive  pitch;  bow  down,  positive 
yaw;  bow  to  Port.  Both  systems  of  axes  are 
shown  in  Figure  6.  The  systems  of  co-ordi- 
nate axes  coincide  when  the  ship  is  at 
rest  and  no  waves  are  present.  In  waves, 
the  ship  is  assumed  to  carry  out  small 
amplitude  motions  about  the  mean  position. 
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Since  we  are  interested  mainly  in  the  hori- 
zontal low  frequency  motions  of  the  vessel 
expressions  will  be  derived  for  the  second 
order  force  along  the  X3  axis  (surge)  of 
the  fixed  system  of  axes.  The  same  method 
may  be  applied  for  forces  along  the  Xj  and 
X3  axes  as  well  as  the  angular  motions  x^ , 
Xc  and  x,. 

In  order  to  determine  the  hydrodynamic 
forces  acting  on  a body  moving  in  waves, 
the  following  integral  must  be  evaluated: 


Fk  = // PnkdS 


1. 


where : .. 

Fk  = force  along  the  k^  axis  of  the  fixed 
system  of  co-ordinates 
S = total  wetted  surface  of  the  body 
dS  = surface  element  on  S 
nk  = directional  cosine  of  the  surface 
element  dS  along  the  kt*1  axis 
p = pressure  acting  on  the  surface' ele- 
ment dS 

The  pressure  p can  be  calculated  with  the 
aid  of  Bernouillis  equation: 


(2)  _ „ (2)  (2)  , ,..(1).2  0 

P - -P9X3  ~P<t>£  -?p  ( A <J)  ) 8. 

Similarly  the  directional  cosines  nk  be- 
comes : 

nk  = "k+enk1)+e2nk2)  k = 1,  2,  3 9. 

The  expressions  for  n/1^  and  n/2^  are 
found  by  projecting  the  initial  direction- 
al cosines  which  move  with  the  vessel  on 
the  fixed  system  of  axes.  In  determining 
the  value  of  n^2) , not  only  second  order 
angular  motions,  but  also  products  of 
first  order  angular  motions  must  be  taken 
into  account. 

Substitution  of  9.  and  5.  in  equation  1. 
results  in: 

Fk=  //{p(0)+eP(1)+eV2)> 

{r>k+en]|1)+e2n)|2)  }dS  10. 

Using  only  those  terms  which  give  force 
components  up  to  and  including  the  second 
order  reduces  equation  10.  to: 


P = 


-pgX3-p$t-%p  (V<j>) 


2 


2. 


where  <p  is  the  velocity  potential  includ- 
ing all  orders  and  X3  the  vertical  motion 
of  the  point  under  consideration. 

Since  we  are  only  interested  in  force  com- 
ponents of  the  second  order,  the  potential 
$ may  be  written  as  follows: 


<t>  = 


'^sV2* 


3. 


where  e = a small  parameter 

= first  order  approximation 
which  includes  the  potentials 
of  the  undisturbed  wave,  the 
diffracted  wave  and  the  waves 
due  to  motion  of  the  body 
(see  (10)) 

(2) 

<(>  = second  order  potential  for 

which  the  first  order  poten- 
tial (P1)  forms  one  of  the 
boundary  conditions 

The  motions  of  the  point  under  considera- 
tion can  be  regarded  as  consisting  of  a 
mean  position  Xk  and  small  oscillatory  mo- 
tions about  the  mean  value  due  to  first 
and  second  order  potential  effects: 

Xk  = Xk+eX)[1)+e2X)[2)  k * 1,  2,  3 4. 

(2) 

In  determining  the  value  of  Xk  , not  only 
contributions  due  to  second  order  poten- 
tial effects,  but  also  contributions  due 
to  products  of  first  order  angular  motions 
must  be  taken  into  account. 

Combining  the  above  equation,  the  pressure 
p in  the  point  moving  in  the  vicinity  of 
the  mean  position  yields  the  following  ex- 
pression for  the  pressure  p up  to  and  in- 
cluding the  second  order: 


F k = //{p(0)+ep(1)+e2p(2) }nkdS 

+S//{p (0) +ep ( } en^1^  dS 

♦ //p(0)e2n<2>dS 
S K 


The  above  integrals  must  be  carried  out 
for  the  complete  wetted  surface  S.  This 
means  that  the  upper  limit  of  integration 
is  the  wave  elevation  on  the  hull. 
Substitution  of  the  appropriate  expres- 
sions for  the  pressures  and  directional 
cosines  in  11.  and  working  out  each  indi- 
vidual contribution  will  give  the  final 
expressions  for  each  part.  As  this  is  a 
straight  forward  procedure,  for  the  sake 
of  brevity  this  part  is  left  out. 

We  give  here  the  final  expression  for  the 
horizontal  force  in  the  longitudinal  di- 
rection (k  = 1)  for  the  case  of  arbitrary 
ship  motions: 


F1  = eFl 


d)+e2F<2) 


12. 


where 

F{1) 

.12) 


13. 


= / n.dS 
® 2 

= <spg  / C<1}  H1dS-x^1)f/-t4)t1)"2dS 

L SQ 

+x^1)  //-p<t>^1)n3dS+  / / — % P (V 0 (1)  )2rijds 
So  So 


+ //-P*t21nids-egx3S'-x51,AWL 

+ pg  xi1^  S,-pg  xjt)xi1)s. 


-U)  „<1). 


14. 


p - p(0)+ep<1>+e2p(2) 

where : 

„(0)_  _n„v 

p = -pgX3 

p(1)»  -pgXjd) 


6. 

7. 


in  which: 
(1) 


r 

r 


o 


first  order  relative  wave  height 
along  the  initial  water  line  of  the 
vessel 

initial  wetted  surface 
area  of  the  water  plane 
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Sj  = first  moment  of  the  water  plane 
about  the  X,-axis 

Sj  = first  moment  of  the  water  plane 
about  the  X2~axis 

As  can  be  seen,  the  first  order  force 
eF^is  the  integral  of  the  first  order 
pressure  over  the  initial  wetted 

surface.  The  second  order  force  e^F^) 
consists  of  a number  of  contributions  from 
products  of  first  order  quantities  and  one 
contribution  from  the  second  order  poten- 
tial pressure  — p<J> ^ . 

The  contributions  aue  to  the  products  of 
the  first  order  displacements  are  can- 
celled by  a contribution  included  in  the 
first  integral  in  14.,  so  that  the  sum  of 
the  contributions  due  to  displacements 
remains  zero. 

We  will  now  take  a look  at  the  character- 
istics of  some  of  the  contributions  given 
in  equation  14. 

The  first  contribution 

*pg  / C*11 2ndS  15. 

L 


Substitution  in  equation  15.  gives: 

N N 

Z E C , C ,P,  ,cos(  (no,  -w . ) t+  (e,-e  . ) } 
i=l  j=1  1 3 1 3 -1  ~ 3 

N N 

+ Z Z Zj  C-jQ,  jsin{  (w,  -u  . ) t+  (eH  -e.,  ) } 20. 

i=l  j=l  1 3 *3  1 3 


where : 


Pi;j=  fcpg  !z.'r  (Xx)Cr  (X1)cos{er  (X^- 


e (X. ) }n.  dS  21. 

rj  1 

Q,-i  = -ipg  / ?'  (X.)?'  (x. ) sin{ e (X.)- 
ij  l r_i  1 rj  A i 

-e_  (X, ) }n. dS  22. 

rj  1 1 

• i 

Cr  (Xi ) t (Xl)  = relative  wave  height  made 
i ' rj  non-dimensional  with  the 

incident  waves 

C,  = ith  and  jth  component  of 

3 the  irregular  indicent 

wave 


is  a line  integral  around  the  initial  wa- 
ter line  and  represents  the  force  contri- 
bution due  to  the  relative  first  order 
wave  height  C^l)  along  the  hull.  To  show 
that  this  integral  produces  a low  fre- 
quancy  longitudinal  force,  we  will  write 
the  relative  wave  height  somewhere  along 
the  water  line  as  follows: 


(1)  _ r (1) 


Sr"  <X1(t)  = 


= Z r,  (X, ) cos{i»,  t+e  (X.)+e.)  16. 

i=l  ri  1 i rt  l -l 

Squaring  C*1* gives: 

( i)2  N N 

' = Z Z c (X. ) C (X.) 
i=l  j=l  ri  1 rj  X 


cosfUiit+er  (X1)+Ei> 

cosfui^t+Ej.  (XjJ+e^} 
or 

,1,2  N N 

c;  ' = z z (x,);r  (x.) 

r i=i  j=i  ri  1 rj  1 


17. 


cos{  t+  (er  (X1)-er  (X1))- 

-(£,-£.)}  + high  frequency 

3 terms  18. 

This  may  also  be  written  as: 

,1)2  N N 

= 1 1 (X,)C  (X.) 

r i=l  j=l  ri  1 rj  1 

cos{e_  (X,)-e„  (X. ) }cos{  (w.-ui .)  t+ 

ri  1 ri  1 1 J 

JN  N 

(e.-E.)}  - Z E (X,)t  (x  ) 

-1  3 i=1  ri  1 rj  1 

sin{er  (X1)-Er  (XL)  }sin{  t+ 

+(£i-£j)}  19. 


From  equation  20.  it  can  be  seen  that  this 
force  component  contains  both  a mean  and 
low  frequency  component.  The  mean  value  is 
found  by  putting  i= j . 

The  undisturbed  incident  irregular  wave  is 
written  as  follows: 

(1)  N 

1 = Z C,cos  (oj.t+E, ) 23. 

i=l  1 1-1 

which,  when  written  as  an  amplitude  modu- 
lated signal,  becomes: 

C ^ = A (t) cos (u0t+E  (t) ) 24. 

where : 

ft)  r N N 

A'  ’ =(_  Z Z C . C -cos{  (w  . -a: . ) t+ 
i=l  j=l  3 1 3 

+ (£i-£j)3‘S  25. 

= wave  envelope 

and  cos{id  t+E  (t)  ) is  a fast  oscillating 
signal  below  the  wave  envelope. 

Squaring  of  A(t)  and  comparison  of  the 
result  with  20 . shows  that  the  contribu- 
tions following  from  the  relative  wave 
height  represent  a part  in  phase  with  the 
square  of  the  wave  envelope  and  a part  out 
of  phase  with  the  envelope. 

The  coefficients  and  are  coeffi- 
cients which  depend  on  water  line  form  and 
the  response  function  for  the  relative 
wave  height  along  the  water  line.  P^  and 

0^^  form  the  in  phase  and  out  of  phase  com- 
ponents of  the  transfer  function  by  which 
the  low  frequency  force  components  are 
related  to  the  corresponding  regular  wave 
group  components  present  in  an  irregular 
wave  train. 
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For  the  contributions 

//  -%P  (V<(>  (1)  )2n,dS+  //-p^2)H,dS  26. 

S 1 S 

o o 

similar  terms  as  those  found  for  the  rela- 
tive wave  height  will  arise.  In  that  case 
the  and  coefficients  for  these 

components  also  consist  of  integrals  of 
pressure  responses  for  different  combina- 
tions of  i and  j.  In  this  case,  however, 
the  integrals  are  over  the  initial  wetted 
surface  of  the  hull. 

The  remaining  contributions  to  the  longi- 
tudinal force  are: 

— Xg  / 1 J r^dS+x^1’  //-P^1  * n3dS 

So  So 

+ (-ogx^o’  A^+Pgx^1  ) S2-pl?xl Sl)x$1)  27  • 


The  first  two  of  these  are  products  of  the 
transverse  first  order  wave  force  times 
the  yaw  motion  and  the  optical  first  order 
wave  force  times  the  pitch  motion  respect- 
ively . 

The  remaining  three  contributions  are  the 
total  increase  in  the  displacement  of  the 
vessel  due  to  the  heave  (xl1* ) , pitch 
(Xjj1))  and  roll  (x|D  ) timeS  the  pitch  mo- 
tion . 


All  contributions  to  27.  arise  from  the 
fact  that  a first  order  force  along  the 
ship  bound  x.-axis  or  x^-axis  has  rotated 
due  to  the  pitch  and  yaw  motion,  about  the 
X2~axis  and  the  xj-axis  respectively,  thus 
producing  a second  order  force  component 
along  the  fixed  X,-axis. 

Contributions  of  this  type  are  more 
straight  forward  to  evaluate  as  will  be 
shown  below. 

If,  for  instance,  the  total  vertical  force 
due  to  the  integral 

/ /~P<l>i1)  n,dS  28. 

So 

is  in  irregular  waves  of  the  form: 

N 

F,  = E q, F,  cosloi.t+E.  +£,)  29. 

3 i=l  1 Ji  1 l 1 

and  the  pitch  motion  x^1^  is  of  the  form: 

( 1 ) ^ 1 

Xc  = Z C.x,  cos (w, t+e,  + e.)  30. 

3 i=l  1 3i  1 3i  1 

then  the  low  frequency  contribution  from 
the  product  of  these  two  quantities  is 
again  of  the  form: 

N N 

Z Z CjCjPj  jCos{ (w.  -w  . ) t+ (e, -e  . ) } 
i=l  j=l  1 3 3 1 3 3 

+ Z Z ,sin{  (w.-w  .)  t+ (e^-e  .)  } 31. 

i=l  j=l  1 3 13  13  13 

where  in  this  case: 


I I 


P^i  = ^F,  x5  cos  (e,  -Er  ) 

3 i j i j 

32 

• 1 

Q,  i x,  sin  (e-.  -e.  ) 

33 

These  are  of  a more  simple  form  than  the 
previously  discussed  contributions  since 
the  value  of  Fl  and  xZ  and  their  phases 

i j 

are  quantities  which  need  only  be  known  for 
a range  of  frequencies  and  and  are 

then  directly  calculable  for  the  i and  j 
combinations  of  interest. 

When  the  coefficients  P^  and  . are  known 

for  all  contributions  to  the  second  order 
force  given  by  19.,  they  are  summed  to 
give  the  total  in  and  out  of  phase  compo- 
nents IP. . and  EQ^  . with  the  square  of  the 
wave  envelope.  3 

The  total  second  order  force  may  then  be 
written  as  follows: 

f<2)=  ; N 


i 


£ C.C^T.  .cost (w.-w.)t+ 
i=l  j=l  3 3 3 

+(ei-£j)+e.j} 

where : 

T i j = { (rPij)2+(iQ. y 2}^ 

SQ±1 

e A j = arctan(-^— L) 


34. 

35. 

36. 


The  mean  second  order  force  is  found  from: 
N 

37. 

i=l  A 13 


f.(2)=  e c? (EP . . ) 


In  spectral  form  the  expression  for  the 
mean  force  becomes: 

F(2)=  2 / S (oi)  {EP(w,io)  }dw  ••  38. 

o ^ *•' 

The  spectrum  of  the  oscillating  part  of  ^ 
the  low  frequency  second  order  force  be-J^ 
comes : 9 

oo 

Sp(u)  = 8 / S (w)  (w+y  ) T2  (w  ,U)+y  ) dw  39. 
in  which: 

T2(u,u)+u)  = { EP  (w  ,<y+y)  } 2+{  EQ  (w  ,w+y)  } 2 40. 

The  results  given  in  equation  38.  and  39. 
are  found  from  equation  37.  and  34.  re- 
spectively using  methods  described  in 
ref.  (5)  and  ref.  (9) . 

In  equations  38.,  39.  and  41  y denotes  the 
frequency  difference  w,  - w.  used  in  the 
discrete  formulations.  3 

Up  to  this  point  it  has  been  assumed  that 
the  potential  <|>  is  known  up  to  the  second 
order.  From  14.  it  was  seen  that  both  first 
and  second  order  contributions  are  re- 
quired for  complete  evaluation  of  the  se- 
cond order  force.  It  was  furthermore  as- 
sumed that  the  ship  motions  were  known, 
also  to  the  second  order. 
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From  14.  it  appears  that  only  the  first 
order  motions  need  to  be  known  for  the 
force  along  the  Xj-axis. 

With  the  present  state  of  the  art,  it  is 
possible  to  determine,  for  a freely  float- 
ing body,  in  waves  coming  from  arbitrary 
directions,  the  contributions  due  to  first 
order  motions  and  hydrodynamic  forces.  For 
a ship  shaped  vessel  this  requires  the  use 
of  numerical  methods  based  on  three-dimen- 
sional potential  theory.  Results  found  by 
Van  Oortmerssen  (10)  on  the  motions  of 
ships  calculated  by  this  method  give  con- 
fidence in  this  respect. 

Knowledge  of  the  second  order  potential 
<t>(2)  is,  however,  restricted  to  only  the 
very  simplest  of  cases  and  since  its  so- 
lution is  dependent  on  non-linear  boundary 
conditions  derived  from  the  solution  of 
the  first  order  potential  ()>  ( 1 ) , which,  for 
a practical  case  is  in  itself  very  complex 
it  is  reasonable  to  suppose  that  detailed 
knowledge  of  <|>(2)  in  such  cases  will  not 
be  forthcoming  for  some  time.  However, 
Newman  (8)  points  out,  it  may  be  possible 
to  estimate  the  contribution  due  to  ij>(2) 
by  means  of,  for  instance,  the  Froude- 
Kryloff  hypothesis. 

AN  EXAMPLE  OF  LOW  FREQUENCY  FORCES  CALCU- 
LATED FROM  INTEGRATION  OF  PRESSURES 


Being  engaged  in  a preliminary  survey  of 
equation  14.,  we  have  for  the  present 
chosen  a simple  method  of  approach.  This 
involved  calculation  of  the  low  frequency 
second  order  longitudinal  force  and  surge 
motion  of  the  previously  mentioned  barge 
in  head  seas.  For  this  case  the  longitu- 
dinal force  along  the  Xj-axis  given  by  14. 
reduces  to: 


f{2)  = >50g  / 4"  njdS+x^  //- p<J>^1)n3dS 


+ jj-ho  (V*  (1)  ) 2n1dS+  //-p()>^,n1dS 


(2)- 


-ooX(1)x(1,A 
PgX3o  x5  AWI, 


41  . 


Most  of  the  other  terms  in  14.  are  zero 
since  the  roll  (xjl))and  the  yaw  motion 
(xj1')  are  zero  for  head  seas.  The  term 
involving  S1  is  zero,  since  the  water 
plane  of  the  barge  is  symmetrical  about 
the  x2-axis  when  we  assume  the  origin  of 
the  O-X.-X2-X,  axis  to  be  midships. 

Of  the  five  contributions  in  equation  41. 
it  is  possible  to  estimate  three  by  means 
of  ship  motions  calculation  based  on  Strip 
theory.  The  terms  involving  the  contribu- 
tions due  to  the  square  of  the  first  order 
velocity  Vid)  and  the  second  order  poten- 
tional  $(2J  were  left  out.  This  did  not 
presuppose  that  these  contributions  were 
negligible  but  rather  that,  at  this  stage, 
it  was  enough  to  get  an  impression  of  the 
effectiveness  of  those  contributions  which 


were  readily  to  be  calculated. 

Accordingly  the  hydrodynamic  forces  and 
motions  of  the  barge  in  head  waves  were 
calculated  for  a range  of  frequencies. 

The  relative  wave  heights  were  calculated 
based  on  the  incident  wave  without  correc- 
tions for  wave  set-up  against  the  hull. 

The  hydrodynamic  vertical  force  along  the 
x^-axis  given  by  the  integral 

/ /-p<t> 5 1 } n,ds  42. 

So 

was  calculated  using  the  contributions  due 
to  the  vertical  wave  exciting  force,  and 
the  added  mass  and  damping  forces  arising 
from  the  heave  and  pitch  motions. 


For  the  relative  wave  height  contributions 

the  P. . and  Q. . coefficients  were  calcu- 
li ij 

lated  from  equations  21.  and  22.  For  con- 
tributions due  to  the  vertical  hydrodyna- 
mic force  and  hydrostatic  force  combined 
with  the  pitch  motion  the  P^^  and  CK  j co- 
efficients were  calculated  from  equations 
32.  and  33. 

An  example  of  the  total  P^j  and  coef- 


ficients, EP^  and  SQij  is  given  in  Figure 

7.  In  Figure  8 the  corresponding  value  of 
T^j2  ps  given. 


The  range  of  and  w.  used  was  sufficient- 
ly large  to  cover  the3 frequency  range  of 
the  wave  spectrum  which  was  used  in  the 
subsequent  calculation  of  the  low  frequen- 
cy surge  motion. 

The  spectra  of  irregular  waves  vised  for 
the  calculations  are  shown  in  Figure  9. 
These  spectra  are  of  the  incident  waves 
used  for  the  tests  with  the  barge  in  ir- 
regular waves. 

Using  these  wave  spectra  and  the  values  of 
EP^.  and  T^^ , the  mean  second  order  wave 


force  and  spectra  of  the  low  frequency 
second  order  wave  force  were  calculated. 
The  spectra  of  the  low  frequency  forces 
are  shown  in  Figure  10. 

The  low  frequency  surge  motions  were  cal- 
culated using  the  following  equation: 


Sx(u)  = 
where : 

sx<vO  = 

c = 

b 


m 


sF(u) 


(c-mu2) 2+b2y  2 


43. 


spectral  density  of  the  low  fre- 
quency motion  at  frequency  y 
restoring  coefficient  for  surge 
motion  due  to  the  linear  moor’  .ig 
system 

damping  coefficient  for  surge  mo- 
tion determined  from  surge  motion 
decay  tests  in  still  water 
virtual  mass  for  surge  motion 
This  was  also  determined  from  the 
surge  motion  decay  tests. 


Equation  43.  is  based  on  the  supposition 
that  the  equation  of  motion  for  the  low 
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frequency  surge  motion  is  of  the  follow- 
ing form: 

mX1+bX1+cX1  = F (t)  44. 

where  m,  b and  c are  constants,  determined 
from  static  load  tests  and  motion  decay 
tests  (see  Figure  11  and  Figure  12) . 

From  the  model  tests  the  following  values 
of  the  coefficients  m and  b were  found: 
m = 4366  tf. sec. 2/m 
b = 38.59  tf/m/sec. 

For  the  calculations  two  values  of  c were 
used , viz . : 

c = 138.3  tf/m  and  c = 85.7  tf/m.  The  na- 
tural surge  periods  in  still  water  corre- 
sponded to  35  and  45  sec.  respectively. 

The  highest  value  of  c was  used  for  tests 
in  all  5 wave  spectra,  given  in  Figure  9, 
while  the  lower  value  of  c was  only  tested 
in  spectrum  C given  in  the  same  Figure. 

The  low  frequency  surge  motion  calcula- 
tions were  carried  out  for  the  same  cases. 
Examples  of  calculated  and  measured  low 
frequency  surge  spectra  Sx(y)  are  given  in 
Figure  13.  From  this  Figure  it  is  seen 
that  the  calculated  spectrum  differs  con- 
siderably from  the  measured  spectrum.  This 
phenomenon  is  typical  for  all  cases.  The 
reason  for  this  difference  in  shape  of 
spectrum  in  our  opinion  is  to  be  found  in 
the  fact  that  the  surge  motion  damping  is 
very  low.  With  the  values  of  b and  c and  m 
used  for  these  calculations  magnification 
factors  of  around  20  are  found  for  excita- 
tions at  the  natural  frequency. 

Accurate  determination  of  the  spectrum  in 
this  type  of  motion  requires  very  long  re- 
cords since  the  auto-correlation  function 
shows  very  little  decay.  The  influence  of 
the  test  duration  on  the  spectral  density 
found  for  such  a signal  is  such  that  the 
peak  value  will  increase  while  the  spec- 
trum also  becomes  narrower  thus  tending 
towards  the  calculated  surge  spectrum. 

The  duration  of  the  model  tests  which  re- 
sulted in  approximately  170  oscillations 
in  the  low  frequency  surge  motions  did  not 
permit  a more  accurate  definition  of  the 
spectral  peak. 

Less  detailed,  but  nevertheless  important 
quantities  which  are  much  less  sensitive 
to  tre  length  of  record,  are  the  mean  (X) 
and  r.m.s.  (ox)  values  of  the  low  fre- 
quency surge  motions. In  Figure  14.  the 
calculated  ox  and  X values  are  compared 
with  the  measured  values  for  all  six  cases. 
From  this  Figure  it  is  seen  that  the  cal- 
culated c values  are  surprisingly  close_ 
to  the  measured  values.  The  mean  values  X 
show  considerable  difference  although  the 
trend  is  the  same. 

Shown  in  the  same  Figure  are  the  mean  and 
r.m.s.  values  of  the  surge  motions  using 
method  of  calculation  based  on  the  mean 
total  second  order  force  in  regular  waves. 
The  method  is  described  in  detail  in 
ref . (5)  . 

The  equations  for  the  mean  surge  force  and 
the  spectral  density  are  in  this  case  as 
follows : 


F = pg  / S (oj ) { — — k-(u))  du  45. 

o C !spg?‘ 

00  

Sp  (y ) =2p2g2/s  (to)  S ( w+y ) { — — — *■  ( w+yi/2 ) } 2 do) 
o c c %Pg 

where:  i • 

p 

j(o))  = frequency  dependent  mean  total 

^pgtg  second  order  force  in  regular 

waves  taken  from  Figure  14. 

Comparison  with  the  measured  values  and 
those  calculated  by  integration  of  the 
pressure  components  (Figure  14)  shows  that 
use  of  the  regular  wave  coefficient  tends 
to  produce  a better  estimate  of  the  mean 
surge  X while  predicting  too  low  a value 
for  the  oscillatory  part.  The  fact  that  the 
calculation  method  based  on  regular  wave 
tests  gives  a good  approximation  for  the 
mean  surge  is  in  keeping  with  conclusion 
reached  by  other  investigations  (1)  (8) . 

The  difference  found  in  the  r.m.s.  values 
by  both  calculation  methods  are,  to  some 
extent,  connected  with  the  higher  mean 
values  predicted  from  the  method  using  the 
integrated  pressure.  This  can  be  demonstra- 
ted by  using  equation  46.  and  the  coeffi- 
cients IP  (o)+y/2  ,oi+y/2)  which  are  the  coef- 
ficients corresponding  to  F/^pg?2  (to+y/2) 
from  the  regular  wave  tests.  The  r.m.s. 
values  predicted  in  this  case  are  also 
shown  in  Figure  14.  Comparison  shows  that 
the  motion  predicted  by  the  correctly  in- 
tegrated pressure  will  still  give  results 
which  are  consistently  closer  to  the  mea- 
sured values  although  the  differences  be- 
tween these  results  and  those  given  by 
equation  46.  using  the  IP  (w+y/2  ,oj+y /2)  co- 
efficients are  smaller. 

In  analysing  the  relative  influence  of  the 
two  contributions  of  equation  14.,  which 
were  used  for  the  calculation,  it  appears 
that  the  major  contribution  is  due  to  the 
relative  wave  height.  The  term  expressing 
the  longitudinal  component  due  to  the  in- 
teraction of  the  pitch  motion  and  the  ver- 
tical force  accounted  for  approximately 
6%  of  the  oscillatory  low  frequency  motion. 
A quick  analysis  of  the  relative  wave 
heights  measured  during  the  regular  wave 
tests  revealed  that  the  mean  forces  on  the 
fore  and  aft  body  could  also  be  largely 
accounted  for  by  the  contributions  due  to 
the  relative  wave  height. 

A more  detailed  discussion  on  the  differ- 
ences found  here  will  not  be  given  at  this 
stage  since  more  results  need  to  be  obtain- 
ed for  a clearer  picture  of  the  phenomena 
involved.  However,  in  regarding  the  fac- 
tors which  can  introduce  errors  in  the 
calculation  of  the  low  frequency  second 
order  force  as  calculated  here  by  means  of 
the  integration  of  pressures,  we  can  iden- 
tify the  following: 

- The  contributions  of  the  pressure  drop 
due  to  -^p  (V4>  ( 1 ' ) 2 and  the  second  order 
pressure  -pi)>i2)have  not  been  included. 

- Deformation  By  the  vessel  of  the  inci- 
dent wave  has  not  been  accounted  for  in 
the  relative  wave  height. 
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- Differences  in  the  equation  of  surge  mo- 
tions used  as  deduced  from  motion  decay 
tests  (virtual  mass  and  damping)  and  as 
it  actually  is  in  irregular  waves. 

- Differences  in  the  actual  ship  motions 
with  wave  frequencies  and  those  calcu- 
lated by  Strip  theory. 

In  the  afore  going  the  calculated  ship  mo- 
tions have  not  been  compared  with  measure- 
ments because,  at  the  time  the  model 
tests  were  in  program,  the  basic  work 
which  resulted  in  equation  14.,  had  not 
been  completed.  As  the  model  test  program 
was  purely  exploratory  and  aimed  princi- 
pally at  insight  into  the  longitudinal 
distributions  of  the  second  order  forces 
in  regular  head  waves,  the  pitch  and  heave 
motions  were  not  measured.  Generally, 
however,  ship  motion  calculations  based  on 
Strip  theory  produce  accurate  results  for 
slender  ships  so  that  the  calculated  re- 
sults given  here,  may  well  be  indicative 
for  the  usefulness  of  the  method  for  esti- 
mation of  the  low  frequency  forces  in  ir- 
regular waves. 


FINAL  REMARKS 

The  method  outlined  here,  has  been  shown 
to  lead  to  the  calculation  of  transfer 
functions  DP (w ,u+u) , DQ(w,w+u)  and 
T(o),w+u)  which  give  the  in  phase,  out  of 
phase  and  amplitude  relationship  respec- 
tively between  the  low  frequency  part  of 
the  square  of  the  incident  wave  envelope 
and  the  low  frequency  second  order  wave 
forces.  The  results  have  been  obtained 
based  on  the  supposition  of  a quadrate  re- 
lationship between  the  second  order  forces 
and  the  height  of  the  incident  wave. 

In  deducing  these  results,  no  restrictions 
have  been  placed  on  the  value  of  the  low 
frequency. 

The  transfer  functions  found  are  in  prin- 
ciple equivalent  to  the  quadratic  operator 
which  Dalzell  (2)  extracts  from  model 
tests  by  means  of  cross  bi-spectral  meth- 
ods applied  to  the  incident  irregular  wave 
and  the  low  frequency  second  order  part  of 
the  total  longitudinal  force  on  a ship 
travelling  into  head  waves.  If  it  is  pos- 
sible to  augment  the  quantitative  accuracy 
of  a synthetic  quadratic  operator,  it  will 
be  possible  to  calculate  correctly,  for 
instance,  in  the  time  domain  the  first  and 
second  order  forces  acting  on  floating 
bodies.  See  (2).  This  allows  analysis  of 
practical,  non-linear,  mooring  systems  re- 
quiring calculations  in  the  time  domain. 
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Fig  7:  The  coefficients  IP,,  and  IQ 


Fig  8 The  coefficient  T* 
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Fig.  13:  Example  of  measured  and  calculated  low 
frequency  surge  motion  spectra 


Fig.  14:  Mean  and  r.m.s.  values  of  low  frequency  surge 
motion  in  irregular  head  waves 
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ELASTIC  STRUCTURAL  RESPONSE  OF 
SEMISUBMERSIBLES  IN  REGULAR  WAVES 


VI. S3 


K.  YOSHIDA  and  K.  ISHIKAWA 
University  of  Tokyo.  Tokyo.  Japan 


In  this  paper,  a method  analyzing  the  response  of  floating  framed  ocean  structures  subjected  to  periodic 
waves  is  presented,  where  stiffness  of  structural  members  is  contained  in  equations  of  motion  and 
internal  forces  are  calculated  simultaneously  with  the  motion.  Therefore,  the  influence  of  stiffness  of 
members  on  the  motion  may  be  taken  account  of  and  high  accuracy  in  the  estimation  cf  internal  forces  may 
be  expected.  The  equations  of  motion  based  on  the  analytical  model  was  introduced  in  the  matrix  form  and 
the  computer  program  was  made.  The  calculations  were  compared  with  experiments  on  foundamental  semisub- 
mersible  models. 


INTRODUCTION 

Periodic  response  analysis  of  ship  hulls  is  usually 
devided  into  two  groups.  One  is  quasi-static  analy- 
sis, which  consists  of  two  steps;  motion  is  ana- 
lyzed as  a rigid  body  by  strip  theory  [ 1 ] , [2 ] and 
afterthat,  internal  forces  are  analyzed  [3],  The 
other  is  further  subdevided  into  two  categories. 

One  is  periodic  ship  hull  vibration  induced  by 
machinery  or  propellers  and  the  other  is  springing 
excited  by  waves  [4], [S] , [6].  Against  the  conven- 
tional separation,  Bishop  [7],  [8]  emphasized  the 
necessity  of  a unified  analysis  in  order  to  study 
the  probability  of  coupling  of  ship  motion  and  ship 
hull  vibration.  Another  example  is  the  case  of 
floating  ocean  structures,  to  which  the  relation- 
ship between  motion  and  internal  force  is  signifi- 
cant . 


This  paper  presents  a method  analyzing  the  response 
of  the  semisubmersible  type  of  floating  structures 
[17],  [18],  where  both  motions  and  internal  forces 
are  analyzed  simultaneously,  from  the  following 
points  of  view. 

(1)  The  relationship  between  motions  and  internal 
forces  of  the  semisubmersible  type  of  floating 
structures  should  be  clarified  qualitatively  and 
also  quantitatively  for  making  rational  design  pos- 
sible. 

(2)  High  accuracy  of  internal  forces  obtained  in 
the  analysis  of  over-all  structures  is  necessary 
for  the  detailed  analysis  of  local  structures,  for 
example,  the  junctions  of  members. 

(3)  Studies  on  the  phenomenon  similar  to  springing 
of  ships  may  be  important  because  this  type  of 
structures  may  become  much  larger  in  future. 


A semisubmersible  unit  is  one  of  the  fundamental 
types  of  floating  ocean  structures,  which  usually 
consist  of  several  cylindrical  floating  bodies  and 
connecting  members.  This  type  has  been  adopted  as 
basic  structures  for  many  kinds  of  floating  ocean 
structures  because  this  is  not  subjected  to  so  big 
wave  excitng  forces  as  a ship  for  sparseness  of  the 
structure  at  the  level  of  sea  surface  and  also  de- 
sirable abilities  on  seakeeping  can  be  attained  by 
using  hydrodynamical  characteristics  [9] , [10]  par- 
ticular to  immersed  body. 

The  modern  studies  on  the  over-all  structural  re- 
sponse of  semisubmersible  units  started  from  the 
design  of  a drilling  rig  in  the  Mohole  Project  [11]. 
In  recent  years,  several  papers  [12] , [13] , [14] , [15] 
were  published  on  the  semisubmersible  units  for 
offshore  mining.  The  analytical  method  adopted  in 
these  papers  fundamentally  belongs  to  the  first 
group  mentioned  at  the  top  of  this  introduction. 

On  the  other  hand,  Taylor  [16]  studied  the  dynamic 
response  of  floating  structures  by  the  modal  analy- 
sis and  this  qualitative  conclusions  on  the  esti- 
mation of  internal  forcec  are  as  follows;  internal 
forces  of  the  stiff  floating  structures  can  be  ap- 
proximately estimated  by  the  quasi-static  analysis, 
whereas  internal  forces  of  not  sufficiently  stiff 
floating  structures  should  be  estimated  by  the 
analysis  based  on  the  motion  involving  the  elastic 
deformation. 


NOTATIONS 


x.z 

Xt  ,Z  L 

u,u,ii 


w,w,w  : 

0,0,0  : 

n : 

a 

X : 

< : 

c : 

o)  ; 

♦ : 

f 

g : 

P : 

M : 

A : 

Vw  : 

10  : 

Max.^az  : 

Nx.Nz  : 

Fx.Fz.Fe: 


Global  co-ordinates  fixed  in  plane 
Local  co-ordinates  of  element 
x-directional  displacement,  velocity  and 
acceleration 

z-directional  displacement,  velocity  and 
acceleration 

Rotation  angle,  angular  velocity  and  an- 
gular acceleration 
Elevation  of  wave  surface 
Amplitude  of  wave 
Wave  length 
Circular  wave  number 
Phase  velocity  of  wave 
Circular  frequency  of  wave 
Velocity  potential  of  wave 
Density  of  water 
Acceleration  of  gravity 
Pressure 
Mass  of  element 
Sectional  area  of  element 
Displacement  volume  of  element 
Moment  of  inertia  of  element 
Added  mass  for  x-  and  z-directional  motion 
Damping  coefficient  for  x-  and  z-direc- 
tional motions 

External  force  in  x-,  z-  and  rotational 
directions 
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fx,fz,f0:  Wave  exciting  force  in  x-,  z-  and  rota 
tional  directions 
E : Young’s  modulus 

I . : Second  moment  of  area  of  element 

1,1  : Length  of  element,  span  length 

Other  notations  and  abbreviations  are  defined  at 
the  locations  of  first  appearance  in  paragraphs, 
figures  and  tables. 


1.  FUNDAMENTAL  ASSUMPTIONS 

The  following  fundamental  assumptions  are  made  in 
the  analysis. 

(1)  Fluid  is  incompressible,  invisuid  and  irrota- 
tional . 

(2)  Comparing  with  the  incoming  wave  length,  the 
sectional  dimensions  of  members  are  small. 

(3)  Airy  wave  theory  is  adopted  and  the  response  is 
a harmonic  one  around  the  equilibrium. 

(4)  The  whole  phenomena  in  both  hydrodynamics  and 
structural  dynamics  is  linear  and  elastic. 

(5)  Hydrodynamicaj.  interactions  due  to  existence  of 
multi-members  can  be  neglected. 

(6)  Structural  members  are  slender  and  structures 
can  be  analyzed  as  frames. 

(7)  Structures  are  plane  frames  which  exist  in  the 
plane  defined  by  directions  of  wave  propagation  and 
of  sea  depth. 

Members  of  plane  frames  are  divided  into  three 
groups;  vertical,  horizontal  and  diagonal  members. 
The  diagonal  members  are  here  assumed  not  subjected 
to  hydrodynamic  forces  because  their  sectional  di- 
mensions are  small.  Each  member  is  subdivided  into 
elements  in  order  to  make  it  possible  a simple  and 
unified  estimation  of  hydrodynamic  and  structural 
characteristics  of  it.  As  for  an  element,  the 
following  assumptions  are  made. 

(1)  Corresponding  to  hydrodynamical  and  structural 
functions  of  a member,  two  kinds  of  element  are 
considered.  One  is  named  as  hull  element  which  is 
a rigid  body  with  the  same  mass,  shape  and  sizes 

as  the  subdivided  portion  of  the  member.  The  other 
is  named  as  beam  element  which  has  concentrated  e- 
lastic  rigidity  of  the  subdivided  portion  of  the 
member  at  the  location  of  a line  connecting  the 
center  of  gravity  of  adjacent  two  hull  elements. 
(Fig. 1) 

(2)  Hull  element  is  rigidly  connected  to  the  beam 
element  only  at  the  position  of  the  center  of  grav- 
ity of  the  hull  element  and  compatibilities  of  dis- 
placements of  these  two  kinds  of  elements  and  dy- 
namic equilibriums  of  forces  are  satisfied  at  this 
position,  (nodal  point  of  an  elastic  frame) 

2.  EXTERNAL  FORCES 

The  forces  to  which  the  hull  element  is  subjected 
are  usually  composed  of  gravity  force,  hydrostatic 
pressure,  wind  force,  current  force,  wave  force, 
inertia  force,  restoring  force  by  mooring  and  so 
on.  The  subject  of  this  paper  is  the  analysis  of 
dynamic  response  of  structures  in  waves  and  it  is 
assumed  that  the  effects  due  to  the  forces  except 
the  forces  related  to  the  dynamic  response  in  the 
waves  are  analyzed  separately  and  superposed  line- 
arly. As  to  the  restoring  force  by  mooring,  how- 
ever, it  can  be  treated  as  one  part  of  structural 
system  when  this  force  can  be  assumed  to  be  propor- 
tional to  the  displacement. 

The  forces  to  which  hull  element  is  subjected  are 


assumed  as  the  following  five  kinds  and  treat- 
ed as  concentrated  external  forces  at  the  nodal 
points  of  the  frame  by  D'Alembert's  principle. 

(1)  inertia  force;  mass  of  hull  element  (mass 
moment)  multiplied  by  acceleration  (angular  accel- 
eration) of  it 

(2)  pressure;  pressure  due  to  linearized  Bernoulli's 
theorem 

(3)  force  due  to  relative  displacement;  estimation 
of  complementary  bouyancy  due  to  the  difference 
between  surface  elevation  and  the  rise  of  the  cen- 
ter of  gravity  of  partially  immersed  vertical  ele- 
ment (Table  1) 

(4)  force  due  to  relative  velocity;  damping  coef- 
ficient multiplied  by  relative  velocity  where  rel- 
ative velocity  means  the  difference  between  the 
fluid  particle  velocity  estimated  at  the  appropri- 
ate representative  point  in  the  hull  element  and 
the  velocity  of  the  hull  element  itself 

(5)  force  due  to  relative  acceleration;  added  mass 
(added  mass  moment)  multiplied  by  relative  accelera- 
tion (relative  angular  acceleration)  where  'rela- 
tive' has  the  same  meaning  as  above 

As  the  kind  and  expression  of  forces  to  which  the 
hull  element  is  subjected  depend  on  the  location 
and  attitude  of  it,  hull  element  is  classified  into 
following  7 kinds  for  convenience. 

(1)  Vertical  non-immersed  element 

(2)  Vertical  partially- immersed  element  with  end 

(3)  Vertical  partially-immersed  element  without  end 

(4)  Vertical  fully-immersed  element  with  end 

(5)  Vertical  fully- immersed  element  without  end 

(6)  Horizontal  non-immersed  element 

(7)  Horizontal  fully-immersed  element 
(Table  1 and  2) 

In  the  fixed  co-ordinate  system  in  plane  (x-z  axes. 
Fig.  2),  the  surface  elevation  and  velocity  poten- 
tial can  be  written  as 


n = aaos  CKX-uitJ 

(1) 

<p  = caeKZsin(KX-iot) 

(2) 

where  a,  k,  c and  m are  the  amplitude  of  wave,  the 
circular  wave  number,  the  phase  velocity  and  the 
circular  frequency,  respectively.  From  the  veloci- 
ty potential  <p,  the  particle  velocity  of  fluid  is 
induced. 


il  = 

J±  = 

a (zeKZoos  ( xx-uit) 

(3) 

w = 

i!  = 

dZ 

au)eKZsin(icx-u)t ) » eKZh 

(4) 

the  particle 

acceleration  of  fluid  is 

u 

= aoj2eKZsin(KX-wt) 

(S) 

AxJt 

w 

J2<t 

= -auiie<1ooa(KX-tnt)  = eKZh 

(6) 

azjt 

pressure  is 

P • 

-»ii. 

y at 

-ygz 

(7) 

By  using  these  expressions,  five  kinds  of  external 
forces  are  formulated.'  For  example,  the  forces  for 
the  vertical  partially- immersed  element  with  end 
(left  hand  side  of  Fig.  2)  are  arranged  in  the  fol- 
lowing form. 

F » - Ka  (j  - Kv  0 - Kd  U +f  (8) 

where  F and  U are  nodal  external  force  vector  and 
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nodal  displacement  vector  and  have  the  following 
component,  respectively. 


(Fx) 

fu 

FZ  , U = 

w 

l Fe ) 

e 

Ka,  Kv  an<*  are  virtual  "lass  matrix,  damping 
coefficient  matrix  and  restoring  coefficient  matrix 
and  are  concretely  expressed  as  follows,  respec- 
tively. 


Ka  » 

M+Max  0 MaxL] 

0 M+Maz  0 

NlaxLi  0 l6+MaxL2J 

(10) 

Kv  = 

(Nx  0 NxLj  1 
0 Nz  0 

InXLi  0 nxl2  y 

(11) 

0 0 O' 

Kd  = 

0 ?gA  0 
,0  0 ygVwLj^ 

(12) 

K - 

'EA/1  0 0 -EA/1  0 0 ' 

0 12EI/13  6EI/12  0 -12EI/13  6EI/12 
0 6EI/12  4ET/1  0 - 6EI/12  2EI/1 

-EA/1  0 0 EA/1  0 0 1 ‘ 

0 -12EI/13  -6EI/12  0 12EI/13 -6EI/12 

0 6EI/12  2EI/1  0 - 6EI/12  4EI/1 

By  transforming  each  element  stiffness  matrix  into 
the  stiffness  matrix  with  respect  to  the  global 
co-ordinates  and  assembling  them,  global  stiffness 
matrix  K can  be  obtained 

KU  = F (18) 

As  the  force  vector  F of  the  left  hand  side  of 
eq.(8)  is  essentially  the  force  vector  with  re- 
spect to  hull  element  i,  F should  be  written  as 
Fj  . In  eq.(8),  these  subscripts  were  abbreviated 
for  simplicity.  Similarly,  Ka  , Kv  , Kj  and  f 
should  be  written  as  Kai  , Kvi  , Kjj  and  -fj  , re- 
spectively. 


Wave  exciting  force  is 


* = 

fx 

fz 

_ , 

. fe . 

a/qj+gjgoe  ( xx-ut+yx/ 
a/ai*B%co8(KX-u)t+y,) 
aSa£+B$cos  (KX-ut*y$) 


(13) 


where  a,  8 and  y have  the  following  components,  re- 
spectively. 


Substituting  the  external  forces  given  in  eq.(8) 
into  the  righthand  side  of  eq. (18)  and  defining  the 
replacements  shown  below,  equations  of  motion  can 
be  written  as  eq. (19)  where  the  unknowns  are  the 
displacements  IJ  of  the  center  of  gravity  of  each 
hull  element. 

Kaii  + KvU+(Kd  + K)U  = f (19) 


axl 

NxwEi  1 

“z 

. =■ 

f gA-  (fVw+Maz)u)2e1j 

| (14) 

“ej 

[ Nxuie2  J 

Bx' 

[ (?V„+Max)iu2E1l 

Bz 

NjUE!  1 

\ (15) 

Be 

I.  (?Vw+Max)“2e2j 

Tx 

rtan^r-Bjc/axll 

T z 

* 

tan~ J (-Bz/ az) 

| (16) 

Ye 

[tan-1  (-Be/aelj 

The  external  forces  of  other  kind  of  hull  element 
can  be  arranged  in  the  same  form  as  eq.(8)  and  the 
results  are  tabulated  in  the  matrix  and  vector 
forms  in  (Table  1)  and  (Table  2).  The  notations 
used  to  formulate  the  external  forces  are  given  in 
the  last  column  of  (Table  2). 

As  mentioned  in  the  description  on  the  kinds  of  the 
external  forces  to  which  hull  element  is  subjected, 
only  linear  term  with  respect  to  the  velocity  is 
adopted  here  under  the  assumption  of  ideal  fluid 
and  non  linear  term  due  to  existence  of  viscosity 
is  neglected.  This  comes  from  several  reasons  that 
as  columns  have  the  comparatively  large  diameters, 
inertia  force  is  predominant  and  also  axial  forces 
which  are  considered  to  be  most  important  in  the 
internal  forces  of  connecting  members  are  almost 
determined  by  the  forces  to  which  columns  are  sub- 
jected and  moreover  it  becomes  easy  to  get  the 
global  appearance  of  behaviours  by  the  lineariza- 
tion of  the  whole  phenomena. 


3.  EQUATIONS  OF  MOTION 

Let  us  set  a local  co-ordinates  (xj-zj  axes,  see 
Fig.  3)  for  the  beam  element  ij.  By  the  bending 
rigidity  El,  the  axial  rigidity  EA  and  the  length  1 
of  the  beam  element,  the  element  stiffness  matrix  R 
(local  co-ordinates)  is  given  as 


where 


Ka  = B Kai,  Kv=  L Kyi,  Ka^IK^f^  l fi  (20) 

When  the  restoring  force  by  mooring  can  be  assumed 
as  proportional  to  the  displacements,  the  coef- 
ficients have  only  to  be  added  to  the  third  term 
of  eq.(19).  As  it  is  assumed  that  the  wave  excit- 
ing force  is  periodic  and  the  system  is  linear,  AJ 
is  solved  as  the  harmonic  response  with  the  same 
circular  frequency  as  the  wave  exciting  force. 

The  floating  framed  structures  like  semisubmersi- 
ble  units  have  usually  several  members  whose  sec- 
tional dimensions  are  considerably  bigger  than 
other  members',  for  example,  columns  of  semisub- 
mersible  units.  These  members  are  suitable  and 
sometimes  needed  to  be  treated  as  rigid  bodies  and 
some  devices  to  do  so  are  mentioned  hereafter. 

Let  us  define  Ti  as  a matrix  which  connects  the 
displacement  U;  of  the  center  of  gravity  of  the 
element  i in  the  rigid  body  with  the  displacement 
llg  of  the  center  of  gravity  of  the  rigid  body  by 
the  assumption  of  the  rigid  motion. 

Uj  » Ti  tg  (21) 

The  contribution  of  the  external  force  Fj  of  the 
element  i to  the  center  of  gravity  of  the  rigid 
body  is  expressed  as  T*  F(  . Therefore,  if  the 
summation  of  the  external  forces  of  every  element 
included  in  the  rigid  body  is  written  as  Fg  , it 
is 


Fg  = -(  l T?  Kai  Ti)  Ug  -(  t T?  Kvi  Ti  ) Ug 
-UTitKdiTi)Ug+(ETitfi)  (22) 

When  the  vertical  member  is  treated  as  a rigid 
body,  it  is  needed  that  the  term  (the  displacement 
weight  of  the  element  multiplied  by  the  distance 
between  the  center  of  gravity  of  the  element  and 
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the  center  of  gravity  of  the  rigid  body  [the  sign 
must  be  considered  in  the  distance])  should  be 
added  to  the  (3,3)  element  of  the  matrix  Kjj  . 

The  reason  why  this  term  is  not  included  in  the 
original  restoring  force  due  to  rotation  is  that 
the  matrix  Ti  introduced  above  is  defined  not  at 
the  inclining  position  but  at  the  up-right  posi 
tion.  Any  point  other  than  the  center  of  gravity 
of  the  rigid  body  can  be,  of  course,  selected  as 
the  representative  point  for  the  summation  and  the 
same  procedure  as  above  can  be  applied.  On  the 
other  hand,  the  element  stiffness  matrix  K (glob- 
al co-ordinates)  of  the  beam  element  whose  both 
nodal  points  are  included  in  the  rigid  body  is 
transformed  to  the  stiffness  matrix  corresponding 
to  the  center  of  the  rigid  body  as 

Ti^iiTi*  T/Kji  T i+  Ti*  Kjj  T j ♦ t/  Kjj  T j (23) 

However,  this  expression  is  naturally  equal  to 
zero  because  no  elastic  deformation  is  permitted 
in  the  rigid  body  and  eq.(23)  does  not  have  any 
essential  meaning.  Next,  let  us  consider  the  case 
where  one  end  (nodal  point  i)  of  the  beam  element 
is  connected  to  the  rigid  body  and  the  other 
(nodal  point  j)  is  connected  to  other  beam  ele- 
ment. The  transformation  of  the  element  stiffness 
matrix  K (global  co-ordinates)  in  this  case  is 


I'l'Kij  »i 
Kji  Ti 


Ti  «ij 
K.ij 


(24) 


In  this  way,  elimination  of  the  nodal  points  in- 
cluded in  the  rigid  body  is  attained  and  the  e- 
quations  of  motion  is  contracted,  whose  number  of 
freedom  is  less  than  the  original  one. 


In  the  analysis  by  the  matrix  method  developed  in 
this  paper,  frames  with  pin  or  roller  joint  at  an 
arbitrary  position  can  be  treated  without  so  com- 
plicated procedure.  The  relationship  between 
nodal  force  IF  and  nodal  displacement  0 of  beam  el- 
ement is  written  by  the  element  stiffness  matrix 
eq .(17)  (local  co-ordinates). 

F = KO  (25) 


lationship  between  the  nodal  force  f and  the  nodal 
displacement  0 is  written  as  the  same  form  as  eq. 
(25) 

IF  = K’  0 (30) 

In  the  procedure  mentioned  here,  it  is  needed  in 
the  element  subdivision  to  pay  such  an  attention 
that  the  external  force  with  the  same  component  as 
the  force  released  should  be  made  as  small  as  pos- 
sible by  the  fine  element  subdivision. 

'low,  the  response  is  a harmonic  one  with  the  same 
circular  frequency  as  the  incoming  wave  and  the 
amplitudes  and  the  phases  of  the  displacements  of 
the  free  nodal  points  are  solutions  wanted.  By 
using  the  usual  manner  to  introduce  the  complex 
number,  the  simultaneous  linear  equations  with  the 
real  coefficients  whose  number  of  unknowns  is 
twice  as  many  as  the  original  ones  are  obtained 
and  these  solved  by  Gauss  elimination  method. 


4.  MODELS  FOR  CALCULATIONS  AND  EXPERIMENTS 

The  computer  program  based  on  the  theory  mentioned 
up  to  the  preceding  sect  ion  was  made  and  several 
kinds  of  models  of  semisubmersible  units,  which 
basically  consisted  of  several  cylindrical  columns 
with  footing  and  connecting  members,  were  analyzed 
and  some  of  them  were  checked  by  the  comparison 
with  the  experiments.  The  shapes,  dimensions  and 
materials  of  the  models  are  shown  in  (Fig. 4)  and 
(Table  3). 

The  added  mass  and  the  damping  coefficient  used  in 
the  calculations  were  obtained  from  the  experi- 
ments. As  for  the  z-directional  added  mass  and 
damping  coefficient  of  the  cylindrical  column  with 
footing,  they  were  obtained  from  the  amplitude  and 
the  phase  lag  of  the  force  measured  in  the  forced 
heaving  tests  and  the  dependence  of  them  on  the 
frequency  was  taken  account  of  in  the  calculations 
by  the  piece  wise  linear  approximation,  whereas, 
other  directional  added  masses  and  damping  coeffi- 
cients were  obtained  from  the  free  oscillation 
tests  with  the  same  draft  kept  as  wave  exciting 
tests. 


This  equation  is  expressed  alternatively. 

Fi  = jf^ijUj  (i  = 1,2, 6)  (26) 

When  a beam  element  has  a pin  or  roller  joint  at 
the  either  nodal  point,  such  a procedure  is  adopt- 
ed here  that  the  nodal  force  corresponding  to  the 
pin  or  roller  action  is  released.  If  F^  is  the 
nodal  force  to  be  released,  it  can  be  written. 

F|;  * 0 « jl,RkjUj  (27) 

Ug  is  eliminated  by  using  Rgg  * 0 

Fi  - jij  (Kij-KikKkj/Kkk)Oj 

» jljKijOj  (1  = 1,2, 6)  (28) 

where 

Rij  - Kij-KikKkj/Kkk  (29) 

If  K’  is  defined  as  the  modefied  element  stiffness 
matrix  whose  ij  element  is  K! ^ of  eq.(29),  the  re- 


in the  wave  exciting  tests  of  the  models  shown  in 
(Fig. 4),  the  displacements  and  the  strains  of  the 
models  subjected  to  regular  waves  were  measured  by 
a ”o'..cr-.-rive  camera  and  strain  gauges,  respec- 
tively. 

In  such  a case  of  a cylindrical  column  with  foot- 
ing, it  is  a questionable  point  how  to  distribute 
the  hydrodynamical  force  coefficients  measured  for 
the  column  as  a whole  to  the  subdivided  elements. 

In  this  paper,  as  for  the  z-directional  added  mass, 
all  of  it  was  distributed  to  the  lowest  element 
and  as  for  the  x-directional  added  mass  and  the 
damping  coefficients,  they  were  distributed  in 
proportion  to  the  volume  to  the  elements  composing 
the  immersed  part  of  the  column. 

5.  CALCULATIONS  AND  EXPERIMENTS 
5.1  Model  RIO,  RIP,  R1R 

In  all  the  cases  shown  in  the  following  figures, 
the  models  are  subjected  to  the  incoming  wave  with 
unit  amplitude  (Hw/2  - 1 cm)  proceeding  from  the 
left  to  the  right  and  columns  are  treated  as  rigid 
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bodies  in  calculations. 

According  to  the  calculated  rotation  angle  at  the 
top  of  the  left  hand  side  column  of  RIO,  RIP  and 
R1R  (Fig. 5),  at  u=5.1,  a resonance  exists  in 
common  with  three  models  and  the  calculated  mode  of 
motion  at  the  vicinity  of  the  resonance  is  the 
rigid-body  1 ike  mode.  On  the  other  hand,  the  reso- 
nance containing  remarkable  elastic  deformation  of 
the  upper  beam  exists  at  w = 6.6  for  RIO  and  the 
resonance  containing  kink  of  the  upper  beam  at  the 
pin  joint  exists  at  u = 1.6  for  RIP.  As  for  RIO, 
the  amplitudes  of  three  internal  forces  at  the  res- 
onance containig  the  elastic  deformation  are  natu- 
rally much  bigger  than  ones  at  the  resonance  with 
the  rigid-bodylike  mode,  as  illustrated  in  (Fig. 6). 

As  the  rigid-bodylike  mode  is,  of  course,  not  a 
complete  rigid-body  mode  but  contains  small  elastic 
deformation  of  the  upper  beam,  this  is  considered 
to  be  what  is  cal  led  the  pseudo  rigid  mode  [8]  and 
this  term  is  used  in  the  following  description. 

The  resonance  containing  remarkable  elastic  defor- 
mation of  the  upper  beam  can  be  considered  to  be  a 
phenomenon  similar  to  springing  of  ships  because 
both  have  a common  feature  of  the  resonance  due  to 
stiffness  and  bouyancy  of  members. 

5.2  Model  SP 

The  agreement  of  calculations  and  experiments  with 
respect  to  the  motions  of  SP  is  fairly  good,  as 
shown  in  (Fig. 7)  and  (Fig. 8). 

The  resonance  of  z-directional  displacement  of  the 
column  exists  at  id  4 3.7  which  coincides  with  the 
frequency  of  the  resonance  in  heaving  of  the  column. 
The  appearance  of  the  response  function  of  rotation 
angle  differs  from  a usual  one  of  a floating  body 
because  of  the  existence  of  the  fixed  end. 

5.3  Model  F1M 

The  calculated  response  functions  and  the  experi- 
ments of  F1M  are  given  in  (Fig. 9),  (Fig. 10)  and 
(Fig. 11).  The  ordinate  of  (Fig. 11)  is  the  ampli- 
tude of  the  axial  normal  surface  strain  at  the 
point  shown  in  the  figure. 

The  two  peaks  at  cu  ? 3.7  and  w v 4.6  are  the  reso- 
nance with  the  pseudo  rigid  mode  and  with  the  mode 
containing  the  elastic  deformation,  respectively. 

To  study  the  variation  of  the  resonance  frequency 
due  to  the  variation  of  the  stiffness  of  the  upper 
beam  of  this  model,  the  Young's  modulus  of  the 
upper  beam  was  made  smaller  and  smaller,  whereas 
its  dimensions  were  kept  constant.  According  to 
the  calculated  results  shown  in  (Fig. 12),  the  fre- 
quency of  the  resonance  with  the  pseudo  rigid  mode 
is  almost  constant,  irrespective  of  the  stiffness 
of  upper  beam  because  this  resonance  is  based  pre- 
dominantly on  bouyancy  of  floating  bodies. 

5.4  Model  F1K 

As  an  examle,  the  element  subdivision  of  F1K  is 
shown  in  (Fig. 13).  Being  different  from  the  flex- 
ible models  mentioned  above,  F1K  behaves  in  the 
pseudo  rigid  mode  in  the  whole  frequency  range  be- 
cause combination  of  the  upper  beam  and  the  K-brace 
is  stiff  enough.  In  the  range  of  higher  frequency 
than  the  resonance  at  u i 3.7,  the  displacements 
are  very  small  with  the  repetition  of  zero  ampli- 


tude at  some  particular  frequencies. 

Let  us  take  the  axial  forces  of  connecting  members 
as  the  representatives  of  the  internal  forces. 
Several  maxima  and  minima  of  the  amplitude  of  the 
axial  forces  exist,  as  illustrated  in  (Fig. 15). 
These  behaviours  can  be  roughly  interpreted  by  the 
reciprocal  occurrence  of  the  elastic  deformation 
pattern  A and  B shown  in  (Fig. 18)  which  are  con- 
tained in  the  pseudo  rigid  mode.  In  the  pattern  A, 
the  relation  between  wave  length  i and  the  span 
length  7 is  \-2  7,  2 7/3,  27/5  •••  and  in  the 
pattern  B,  it  is  A=  7,  7/2,  7/3  which  corre- 

spond to  id  = 6.64,  11.49,  14.24,- ••  and  (u?9.38, 
13.27,  16.25,---  in  the  case  of  Z = 70cm,  respec- 
tively. (Fig. 16)  shows  the  comparison  of  the 
calculated  axial  strain  converted  from  the  axial 
force  of  (Fig. 15)  with  experiments.  The  calculated 
relative  phase  lag  of  the  axial  strain  at  the  three 
points  6,  20  and  21  with  respect  to  the  point  7 in 
the  K-brace  are  compared  with  the  experiments  in 
(Fig. 17). 

5.5  Model  F3K 

The  calculated  response  functions  for  the  motion 
are  similar  to  the  case  of  F1K  as  shown  in  (Fig. 19) 
and  (Fig. 20)  and  the  mode  is  a pseudo  rigid  mode 
only. 

As  an  example  of  the  internal  forces,  the  amplitude 
of  the  axial  force  of  the  upper  beam  at  the  mid- 
point of  the  over-all  length  is  given  in  (Fig. 21), 
where  a number  of  minima  (=0)  exist  at  ui  = 6.64, 
9.38,  11.49  -•-,  which  correspond  to  \ = 2l,  7, 

2 7/3  •••  , respectively  and  at  the  frequency  be- 
tween adjacent  two  minima,  a maximum  exists. 

5.6  Model  F5K 

(Fig. 22)  and  (Fig. 23)  show  the  calculated  response 
functions  and  the  experiments. 

In  (Fig. 24),  the  calculated  amplitude  of  the  axial 
force  of  the  upper  beam  at  the  mid-point  of  over- 
all length  is  shown.  In  this  case,  the  minima  (=0) 
exist  at  w = 5 .42 , 7. 66 , 9. 38,  10. 83  • • • which  corre- 
spond to  \ = 3 Z,  3 1/2,  Z,  3 7/4  • • • , respectively 
and  at  the  frequencies  between  the  adjacent  two 
minima,  one  or  two  maxima  exist. 

In  the  case  of  F1K,  F3K  and  F5K,  the  response  func- 
tions of  axial  forces  of  the  connecting  members 
have  a number  of  maxima  and  minima  at  the  fre- 
quencies determined  by  some  particular  relationship 
between  the  wave  length  and  the  length  of  the 
structure  or  the  span  length  in  these  cases.  This 
situation  can  be  cuncidci--  to  be  analogous  to 
"ship/wave  matching"  [8]  for  the  quasi-static  bend- 
ing of  ships. 

6.  CONCLUSION 

(1)  A method  for  the  periodic  response  analysis  of 
floating  framed  structures  was  presented  and  its 
applicability  was  confirmed  by  the  comparison  with 
the  experiments. 

(2)  Such  a frequency  range  exists  that  the  elastic 
deformation  of  menbers  affect  the  motion  in  the 
case  of  flexible  floating  framed  structures. 

(3)  The  frequency  characteristics  of  internal 
forces  can  be  roughly  interpreted  by  some  relation- 
ship between  the  wave  length  and  the  length  of  the 
structure  in  the  case  of  stiff  floating  framed 
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structures . 

(4)  The  proposed  method  is  effective  for  the  anal- 
ysis of  the  floating  framed  structures  with  pin  or 
roller  joint. 
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Table  1 : Hydrodynamic  forces  due  to  motion 
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Table  2 : Wave  exciting  forces 
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Table  3 : Dimensions  of  upper  beams  and  K -braces  of  models 
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Fig.  2 : Examples  of  hull  elements 
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Fig.  1 : Hull  element  and  beam  element 
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Fig.  3 : Local  co-ordinate  of  beam  element 
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Rotation  Angi#  / Wav*  Stop*  Amp  (rad/rad) 


Fig.  5:  Rotation  angle  of  RIO,  RIP  and  R1R 


Fig.  7.  Vertical  displacement  of  SP 
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Fig.  8 : Rotation  angh  of  SP 


F'9  6 : Sectional  force  amplitude  of  RIO 


Modulus  Ratio  2 IP  Vertical  Disp/  Wave  Amp  (cm/cm) 


2 3 4 


Fig.  12:  Varittion  of  roonance  frequency  of  F1M 
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Fig-  24:  Axial  force  of  F5K 


Discussion  on  Paper  by  D.  Catley  and-C.  Norris 


C.A.  CARLSEN,  H.  FRIVOLD  and  H.  JOHANNESSEN 

The  extensive  work  undertaken  by  BSRA  to  inves- 
tigate ship  vibration  both  by  measurements  and 
theoretical  investigations  and  the  publishing  of 
this  material  are  much  appreciated  by  all  concerned 
within  this  field. 

The  problem  of  dynamic  analysis  of  ship  struc- 
tures may  be  roughly  divided  into  problems  of 
structural  modelling  and  evaluation  of  forces  and 
damping. 

When  applying  the  Finite  Element  Method  in  ship 
vibration,  modelling  accuracy  is  primarily  a ques- 
tion of  computer  cost.  The  Timoshenko  beam  modell- 
ing, however,  seems  in  general  to  have  lost  its 
confidence  except  for  analysing  the  2-5  lowest  hull 
modes,  depending  on  the  hull  slenderness.  Beam  mod- 
el analysis  carried  out  by  Det  Norske  Veritas  and 
others  shows  that  the  ratio  of  theoretical  to  mea- 
sured natural  frequency  increases  uniformly  for 
increasing  order  of  hull  modes.  This  despite  the 
fact  that  mode-dependent  added  mass  and  shear  lag 
effects  are  accounted  for.  Reasons  for  deviations 
may  be  that  the  Navier  hypothesis  for  beam  deflec- 
tion is  not  valid  for  the  higher  modes  and  that 
pure  higher  order  hull  beam  modes  as  calculated  by 
simple  models  do  not  exist  in  practice.  Thus, 
measurements  and  three-dimensional  Finite  Element 
calculation  have  shown  that  for  tankers  of  medium 
size,  the  longitudinal  bulkheads  and  sides  vibrate 
as  separate  systems  at  higher  vertical  hull  modes , 
the  bulkhead  usually  being  the  most  beamlike  stru- 
cture. For  bulk  carriers,  the  double  bottom,  carry- 
ing the  majority  of  the  cargo,  vibrates  as  a sub- 
system, significantly  affecting  the  hull  vibrations, 

Referring  to  Table  3,  we  would  like  to  ask  the 
authors  what  in  their  opinion  could  be  the  reason 
for  the  very  good  agreement  for  the  simple  Timo- 
shenko beam  model  at  higher  hull  modes , and  why  the 
deviations  to  measured  values  were  not  systematic- 
ally increasing? 

Regarding  the  exciter  test,  we  would  like  to  ask 
the  authors  if  any  of  the  calculated  axial  hull 
modes  were  verified  by  measurements,  and  whether 
the  found  5-  and  6-noded  vertical  hull  modes  were 
verified  along  the  whole  hull  girder? 

For  the  membrane  Finite  Element  model  some  of 
the  excessive  stiffness  of  a coarse  mesh  may  be 
compensated  by  using  non-conforming  elements,  for 
example  the  Quadrilateral  Paulling  element.  A 
different  approach  is  to  use  the  Master-Slave 
technique. 

The  authors  emphasise  the  need  of  a substructure 
technique.  It  would  be  of  interest  to  get  more 
details  of  this  approach,  specifically  with  regard 
to  damping. 

In  Det  Norske  Veritas  the  superelement  tech- 
nique of  the  SESAM-69  system  is  used  to  make  more 
refined  models  while  keeping  down  the  dynamic 


degrees  of  freedom  by  specifying  a number  of  super- 
nodes. Thereby  it  is  possible  to  model  smaller 
parts  as  separate  superelements  and  perform  local 
vibration  analyses  before  reducing  the  element  and 
adding  them  to  the  global  ship  model.  Local  eleme- 
nts which  are  subject  t.o  resonance  may  also  be 
added  to  the  ship  model  without  reduction  to  analy- 
se the  forced  local  vibration  excited  by  the  global 
hull  vibration. 

Together  with  a three-dimensional  afterbody  model 
the  added  mass  can  be  included  as  fluid  elements 
with  moderate  costs,  using  the  superelement  tech- 
nique, with  the  water  as  one  single  "boundary" 
superelement. 

Judging  from  Figs . 10  and  11 , the  membrane  - bar 
idealisation  seems  to  fit  the  measured  values  better 
than  the  beam  model.  Although  giving  a correct 
mobility  trend  for  the  various  measuring  positions 
and  load  conditions,  we  still  would  reckon  that  the 
discrepancies  are  rather  big  for  the  peak  frequen- 
cies and  also  mobility  level  in  most  of  the  frequen- 
cy range.  A closer  study  of  the  graphs  reveals 
that  except  for  a general  shift  in  peak  frequencies 
the  calculated  response  in  ballasted  and  loaded 
condition  are  very  alike,  while  the  measured  res- 
ponse differs  significantly  for  the  two  conditions. 

We  would  appreciate  the  authors'  comments  on  what 
could  be  the  reasons  for  the  deficiency  of  their 
model  to  reproduce  the  different  response  pictures 
for  the  two  load  conditions  in  spite  of  the  detailed 
load  representation. 

Analytical  parameter  studies  and  full-scale  mea- 
surements carried  out  by  Det  Norske  Veritas  has 
shown  that  the  afterbody  vibration  is  primarily 
affected  by  the  mass  and  stiffness  representation 
in  this  area,  and  much  less  by  variations  of  mass 
and  stiffness  in  the  rest  of  the  ship.  In  many 
cases,  due  to  a high  degree  of  interaction  between 
the  superstructure  and  the  afterbody,  the  super- 
structure natural  frequency  may  be  sensitive  to  the 
amount  of  added  mass  applied. 

To  get  .satisfactory  accuracy  of  mass  discretis- 
ation it  is  our  experience  that  as  a guide  rule  at 
least  2-3  mass  points  should  lie  within  each  half 
wavelength  of  a vibration  mode.  Furthermore,  only 
two  elements  over  the  depth  of  the  ship  are  likely 
to  produce  artificial  higher  order  beam  modes. 

While  a two-dmmensional  model  may  be  appropriate 
in  many  cases,  as  in  the  present  one  with  a very 
long  superstructure,  where  the  natural  frequency  is 
well  above  the  exciting  frequencies  of  interest, 
analysis  of  afterbody  vibration  of  modern  ships 
often  requires  a three-dimensional  modelling  to 
account  for  transverse  effects  and  to  simulate  the 
support  of  the  superstructure  appropriately. 

The  authors  have  derived  a single  total  effective 
force  vector  from  the  mobility  tests  and  service 
vibration  measurements.  The  response  calculation  is 
dependent  on  the  force  applied  to  the  Finite  Element 
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model  and  must  tie  of  comparable  accuracy  to  the 
model  itself  and  the  anticipated  response,  both 
with  respect  to  magnitude,  geometrical  distribution 
and  frequency  range.  With  this  in  mind,  some  opin- 
ions concerning  propeller  induced  pressure  forces 
based  on  some  recent  extensive  measurements  of 
pressure  may  be  of  interest . 

The  area  of  influence  of  the  blade  rate  compo- 
nent of  hull  pressure  force  is  considered  to  depend 
on  ship  type.  Referring  to  the  paper  given  by 
Sontvedt  and  Frivold  at  this  Symposium  (Session 
VIII),  their  Fig.l  shows  the  propeller  induced  hull 
pressure  as  measured  in  service  for  one  ship.  The 
pressure  forces  are  shown  to  be  significant  on  a 
large  part  of  the  afterbody  hull.  This  is  also 
confirmed  by  a later  measurement  on  a similar  ship. 
On  the  other  hand,  another  extensive  pressure  mea- 
surement on  a different  and  much  smaller  ship  type 
the  pressure  distribution  extended  only  half  the 
distance  of  the  former.  The  phase  of  blade  rate 
pressure  is  in  all  cases  nearly  constant.  Based 
on  this  experience,  we  think  that  an  equivalent 
point  force  of  blade  rate  may  be  applied  when  only 
global  response  is  required,  but  allowance  should 
be  made  for  the  ship  type  in  question. 

What  is  said  about  blade  rate  force  is  even  more 
significant  for  2 x blade  rate.  For  this  component 
however,  the  phase  will  not  be  constant,  but  will 
decrease  with  distance  at  a rate  comparable  with 
the  effect  of  sound  velocity.  Applied  to  a finite 
element  response  calculation,  this  phase  shift  has 
shown  to  have  great  influence  on,  for  example, 
superstructure  response. 

Concerning  3 x blade  rate,  our  experience  is  th± 
only  local  vibrations  are  excited.  The  relevance 
of  applying  3 x blade  rate  forces  on  a global  fin- 
ite element  model  of  ships  with  normal  shaft  speed 
seems  therefore  questionable.  Another  point  is  the 
great  difficulties  in  obtaining  a reliable  theore- 
tical prediction  of  the  3 x blade  rate  pressure  for 
design  calculation  purposes. 

As  an  important  parameter  in  ship  vibration  the 
propeller  induced  pressure  distribution  and  phase 
are  subject  to  continuous  research  in  Det  Norske 
Veritas. 

Knowledge  of  damping  is  indeed  the  weakest  link 
in  forced  ship  vibration  analysis  today.  Det 
Norske  Veritas  has  also  put  great  efforts  into  find- 
ing global  ship  damping  values  by  using  response 
data  from  our  own  exciter  tests.  Our  results  so 
far  are  in  accordance  with  the  hypothesis  of 
Hylarides  (Ref. (22)).  We  strongly  agree  with  the 
authors  that  there  is  a need  for  further  knowledge 
about  damping.  Future  work  by  Det  Norske  Veritas 
in  this  field  will  be  concentrated  on  substructure 
damping  values,  especially  for  superstructures. 
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Authors’  Reply 


The  constructive  comments  of  Messrs.  Carlsen, 
Frivold  and  Johannessen  are  welcomed,  and  the  con- 
tributors are  to  be  thanked  for  raising  several 
interesting  and  important  points. 

The  paper  considers  the  mobility  technique  and 
concentrates  upon  the  structural  modelling  aspects 
of  the  problem  of  ship  vibration  and  has  generally 
avoided  details  of  the  propeller  forces , but  the 
contributors  comments  on  these  are  a welcome  add- 
ition to  the  discussion. 

deferring  to  the  specific  points  raised  in  dis- 
cussion on  the  paper,  it  is  agreed  that  the  struc- 
ture of  a bulk  carrier  is  more  difficult  to  ideal- 
ise, compared  with  the  products  carrier  which  was 
the  subject  of  the  paper.  Indeed  this  point  was 
made  in  the  presentation.  A further  requirement 
here  as  regards  the  vertical  vibration  of  the 
double  bottom  as  a subsystem,  is  the  accurate  dis- 
tribution of  the  added  mass  in  the  structural  ide- 
alisation employed.  The  added  mass,  together  with 
the  mass  of  cargo  which  is  carried  by  the  bottom 
further  reduces  the  frequency  of  such  a local  dis- 
tortion mode. 

A bulk  carrier  has  a cross-section  which  exper- 
iences significant  shear  distortion  in  the  higher 
hull  modes.  This  compares  with  the  products  tanker 
whose  vertical  modes  of  the  service  blade  rate 
range  exhibit  only  a limited  shear  distortion 
effect  on  the  modal  frequencies.  See,  for  example, 
Ref. (6)  of  the  paper.  BSRA  are  currently  invest- 
igating possible  methods  for  simulating  the  complex 
effects  of  shear  whilst  retaining  a two-dimensional 
model.  A degree  of  success  is  being  achieved. 

Simple  membrane  elements  are  being  used  to  ob- 
tain a reasonable  representation  of  the  cross-sec- 
tion of  a bulk  carrier.  The  higher  order  elements 
which  proved  to  be  very  powerful  for  the  products 
tanker  do  not  readily  lend  themselves  to  the  cross- 
section  of  the  bulk  carrier. 

Considering  now  the  natural  frequencies  of  the 
products  tanker,  the  presence  of  an  axial  mode 
complicates  the  situation  as  regards  the  general 
trend  of  increasing  frequency  and  percentage  error 
of  the  calculated  values.  The  calculations  for 
both  the  load  and  ballast  conditions  show  two  6- 
node  vertical  modes  coupled  to  the  axial  freedom 
in  the  frequency  range  considered. 

In  the  exciter  tests,  there  is  some  verification 
of  these  axial  modes,  although  the  axial  vibration 
was  only  recorded  at  the  sterngland  and  the  wheel- 
house  top.  These  levels  are  low.  However,  from 
the  sea  trials  that  were  also  carried  out , it  is 
possible  to  confirm  axial  frequencies  of  295  and 
5U0  c/min  for  the  ballast  condition  and  262  and  520 
c/min  for  the  loaded  condition.  The  higher  modes 
were  determined  from  an  analysis  of  the  3 x blade 
rate  component  in  the  loaded  case. 

The  measured  5-  and  6-node  vertical  hull  modes 
were  verified  over  regions  of  the  ship  only,  viz  at 


the  ends  of  the  hull  girder  and  in  the  deckhouse 
region.  Agreement  with  the  sea  trial  results  is 
excellent. 

As  regards  the  finite  elements,  it  is  considered 
that  the  mesh  used  is  sufficiently  fine  for  a two- 
dimensional  analysis  and  indeed  there  would  be  no 
real  benefit  in  a further  refined  and  necessarily 
more  costly  idealisation  in  two  dimensions.  With 
the  present  degree  of  idealisation,  the  overall 
modes  of  vibration  are  sufficiently  well  defined 
for  the  purposes  of  predicting  the  response  levels 
of  interest  and  a significant  improvement  ■*  would 
only  be  achieved  by  using  a truly  three-dimensional 
approach. 

It  is  considered  preferable  to  use  compatible 
elements  and  to  realise  that  the  structure  is  in- 
herently too  stiff.  The  'master-slave'  technique 
lends  itself  to  the  full  three-dimensional  calcul- 
ation, but  effective  application  in  two  dimensions 
is  questionable. 

With  regard  to  three-dimensional  calculations, 
an  attractive  substructure  technique  is  one  which 
considers  the  characteristics  of  branches  of  the 
structure  separately  and  then  represents  them  by 
generalised  freedoms.  Refs. (26)  and  (27)  outline 
such  an  approach  which  is  distinct  from  the  super- 
element technique  of  SESAM  - 69.  Using  such  an 
approach,  damping  levels  could  then  be  dependent 
upon  the  dampings  in  those  brach  modes  constituting 
the  normal  mode  of  the  whole  structure.  This  would 
be  a first  step  away  from  a global  damping  value, 
at  present  taken  by  BSRA  as  being  dependent  only  on 
the  frequency  of  the  normal  mode. 

As  mentioned  in  the  paper,  there  is  some  doubt 
as  to  the  depth  of  water  at  the  time  the  exciter 
tests  were  conducted  for  the  load  condition.  The 
ship  was  then  also  at  anchor.  Comparison  with 
results  obtained  in  a similar  load  condition  but  in 
deep  water,  comparable  with  the  conditions  for  the 
ballast  case,  indicates  that  the  modal  peaks  in 
the  mobility  plots  presented  in  Fig. 11  could  be  more 
pronounced  in  ideal  test  conditions.  This  point  is 
supported  by  exciter  results  obtained  from  a third, 
intermediate,  loading  condition  of  27,500  tonnes 
displacement.  The  exciter  results  for  the  inter- 
mediate load  condition  and  the  ballast  condition  do 
show  similar  characteristics. 

For  the  loaded  condition,  a well  defined  peak  at 
318  c/min  corresponding  to  the  6-node  mode  was  ob- 
tained from  the  sea  trials  data.  This  particular 
mode  is  not  well  defined  in  the  response  obtained 
using  the  exciter  whilst  anchored  in  the  estuary. 
However,  apart  from  this  one  anomaly,  the  load  and 
ballast  measurements  are  not  too  dissimilar  when 
one  allows  for  the  correspondingly  higher  frequen- 
cies of the  ballast  case.  The  mobility  levels  are, 
in  fact,  consistently  higher  in  the  ballast  case 
for  both  the  calculations  and  measurements. 

Experience  has  shown  that  damping  levels  can 
vary  with  loading  and  draft,  but  for  this  ship  it 
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is  apparent  that  loading  with  a water  'cargo'  other 
than  by  proportion  to  the  frequency  of  the  corres- 
ponding modes,  does  not  affect  the  damping  levels 
as  compared  with  the  ballast  case. 

Returning  to  the  question  of  the  finite  elements 
the  powerful  nature  of  the  higher  order  elements 
used  for  the  analysis  of  this  particular  ship 
should  be  emphasised.  The  nine,  eight-noded  mem- 
brane elements  and  associated  bar  elements  were 
found  to  give  exactly  the  same  first  ten  frequen- 
cies of  the  forward  hull  branch,  cantilevered  at 
the  forward  end  of  the  deckhouse,  compared  with  an 
equivalent  grid  of  4 x 52  simple  elements. 

The  importance  of  superstructure  vibration  and 
its  dependence  on  the  possible  coupling  effect  with 
the  main  hull  modes  is  realised.  The  deckhouse 
root  fixity  and  this  interdependence  of  the  two 
branches  of  the  structure  is  a particular  problem 
area  which  is  difficult  to  simulate  efficiently 
with  a simple  mathematical  model.  Accurate  modell- 
ing of  this  problem  area  is  required  and  further 
full-scale  verification  of  any  calculated  results 
essential. 

The  response  of  the  deckhouse  region  is  very 
sensitive,  near  the  frequency  of  a deck  house 
resonance,to  the  modal  damping  of  that  resonance. 
Work  is  required  to  establish  such  damping  levels. 

It  is  of  interest  to  note  that  Dn  N are  also 
allocating  some  effort  to  the  use  of  mechanical 
exciters  and  the  measurement  of  damping  values 
and  it  is  felt  that  when  these  are  published  they 
will  be  of  interest  to  all  concerned  in  ship  vib- 
ration work.  It  is  important,  for  any  theoretical 
prediction  of  vibration,  that  detailed  correlation 
with  full-scale  measurements  are  carried  out. 
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SHIP-SHIP  INTERACTION  IN  SHALLOW  WATER 

I.  W.  DAND 

Ship  Division,  National  Physical  Laboratory,  Feltham,  UK 


SYNOPSIS 

As  a result  of  a research  programme  in  progress  at  Ship  Division,  National  Physical  Laboratory  into  the 
behaviour  of  ships  in  shallow  water,  experiments  have  been  carried  out  to  measure  the  interaction  forces 
between  various  models . Results  of  these  experiments  are  presented  and  compared  with  computed  predictions 
made  using  a two-dimensional  theory. 

This  comparison  enables  conclusions  to  be  drawn  as  to  the  short-comings  of  the  theory  and  suggests  areas 
where  it  might  be  improved,  notably  by  the  inclusion  of  free-surface  effects. 

Some  experiments  designed  to  relate  certain  features  of  hull  design  to  lift-induced  interaction  forces  are 
presented  and  it  is  shown  that  lift -induced  crossflow  on  the  skeg  and  rudder  significantly  affects  the 
sense  and  magnitude  of  the  interaction  forces  and  moments  at  certain  overlaps. 

As  the  experiments  were  conducted  in  the  large  circulating  water  channel  at  Ship  Division,  experimental 
technique  and  accuracy  is  discussed  in  some  detail.  This  is  important  as  experiments  carried  out  in  this 
facility  are  subject  to  constraints  which  are  different  from  those  encountered  in  a towing  tank  and  the 
results  should  be  interpreted  accordingly. 


1 . INTRODUCTION 


2 . NOMENCLATURE 


At  the  Tenth  ONR  Naval  Hydrodynamics  Symposium 
papers  were  presented  which  considered  the  subject 
of  hydrodynamic  interaction  between  ships . 
(References  1 and  2)  By  this  is  meant  the 
longitudinal  and  lateral  forces  and  moments  exerted 
on  one  ship  by  the  other  when  both  are  in  close 
proximity.  These  papers  relied  heavily  on 
theoretical  treatments  of  the  subject  as  few 
quantitative  experimental  results  were  available  in 
the  literature  allowing  verification  of  the  theory. 

Moreover,  it  was  shown  in  reference  1 that  inter- 
action between  ships  would  be  more  pronounced  in 
shallow  rather  than  deep  water  due  to  the  more  two- 
dimensional  nature  of  the  flow  around  the  vessels . 
Recent  studies  at  Ship  Division  NPL  of  the  behav- 
iour of  ships  in  shallow  and  confined  waters  have 
incorporated  some  experimental  measurements  of 
interaction  forces  and  moments  between  ship  models. 
These,  although  confined  to  the  steady  state  case, 
have  been  used  in  conjunction  with  the  theory  of 
reference  3 to  illuminate  certain  hydrodynamic  fea- 
tures of  interaction  which  might  not  be  readily 
apparent  from  theory  alone . 

Some  of  these  results  are  presented  in  this  paper 
and  are  discussed  from  a hydrodynamic  viewpoint. 
They  may  be  further  interpreted  from  the  point  of 
view  of  ship  behaviour  in  collision  situations  and 
the  handling  of  craft  such  as  tugs  whose  work  of 
necessity  brings  them  into  close  proximity  with 
other  ships.  These  aspects  are  discussed  further 
in  references  3 and  4. 


B maximum  beam 

Cjj  turning  moment  coefficient  N/jpB^TV^ 

Cv  longitudinal  force  coefficient 

X/JpBTV2 

Cy  sideforce  coefficient  Y/spBTV2 

Fnjj  Froude  depth  number  V/VgF 

g gravitational  acceleration 

h water  depth 

lA,B,C,D,E  length  of  model  between  perpendiculars 
Subscript  gives  model  identification 
letter 

m number  of  source  panels  used  to  repre- 

sent one  hull 

n shaft  revolutions 

N turning  moment 

Rx  local  Reynolds  Number  Vx/v 

T at -rest  draught 

V steady  velocity 

x distance  from  leading  edge  of  false 

floor  of  circulating  water  channel 
X longitudinal  force 

Xq  overlap  parameter 

Y sideforce 

^0  transverse  separation  of  centreplanes 

of  models 

6 boundary  layer  thickness 

<5*  boundary  layer  displacement  thickness 

v kinematic  viscosity 

p density 


3.  THEORETICAL  CONSIDERATIONS 


In  reference  2 a numerical  method  for  calculating 
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interaction  forces  and  moments  between  two-dimens- 
ional bodies  was  presented,  based  on  the  theoretical 
work  of  Collatz  (reference  5) • In  reference  1 
however,  the  inclusion  of  vorticity  in  such  a 
theory  was  shown  to  be  essential  to  satisfy  the 
Kutta  condition  at  the  stern  of  each  ship. 

The  NPL  computer  program  was  therefore  modified  as 
described  in  reference  3 so  that  both  the  ordinary 
and  extended  Kutta  conditions  could  be  included  in 
the  computation.  The  inclusion  of  the  extended 
Kutta  condition  allowed  an  approximate  representat- 
ion of  the  effects  of  ships'  wakes  in  the  solution 
should  this  appear  to  be  necessary.  In  the  event, 
although  some  calculations  have  been  made  incorp- 
orating wakes , their  effect  has  been  shown  to  be 
small  and  they  do  not  significantly  improve  agree- 
ment between  theory  and  measurement. 

It  is  not  intended  to  consider  theoretical  aspects 
in  detail  in  this  paper  as  these  may  be  found  in 
the  references.  The  hulls  are  represented  by  a 
series  of  source  panels  and  the  strengths  of  the 
surface  singularities  are  found  by  a numerical  sol- 
ution of  2 m simultaneous  equations  where  m is 
the  number  of  source  panels  used  to  represent  each 
hull.  The  equations  arise  from  satisfying  the 
linearised  condition  that  no  flow  exists  normal  to 
the  body  on  its  boundary.  Using  a method  similar 
to  that  of  reference  6,  a point  vortex  is  placed  at 
the  centre  of  each  hull  and  singularity  distrib- 
utions are  calculated  which  cancel  normal  compon- 
ents of  flow  at  each  hull  panel  arising  from  the 
onset  flow  and  each  vortex.  The  strengths  of  the 
vortices  are  then  chosen  so  that  the  Kutta  condit- 
ion is  satisfied  at  the  stern  of  each  ship.  This 
enables  linearised  pressures  to  be  computed  on  the 
source  panels  which,  after  summation  and  resolut- 
ion, give  a longitudinal  force  X,  a sideforce  Y and 
a turning  moment  about  amidships  N.  These  are  then 
non-dimensionalised  according  to  the  scheme. 

Cx  - X/JpBV2  Cy  = Y/JpBV2  CN  = W/JpB2V2 

where  B is  the  maximum  beam  of  the  ship  and  V 
is  its  steady  velocity. 

In  all  the  calculated  results  shown  in  the  paper  a 
value  of  m equal  to  60  and  constant  panel  length 
were  used.  Steady  state  conditions  were  assumed 
throughout . 

It  is  of  some  interest  to  note  that  longitudinal 
interaction  forces  are  calculated.  Due  to  the 
assumption  of  a perfect  fluid  made  in  the  potential 
theory  these  cannot  represent  the  total  longitud- 
inal forces  acting  in  a real  fluid;  viscous  forces 
do  not  exist  in  perfect  fluid  and,  as  it  is  further 
assumed  that  the  free  surface  remains  flat,  wave- 
making forces  are  also  absent.  The  computed  long- 
itudinal forces  therefore  represent  the  ' inertia 
drag'  experienced  by  one  ship  as  it  moves  in  flow 
which  has  been  accelerated  or  decelerated  by  the 
presence  of  other  ship,  and  it  is  a force  whose 
consideration  is  of  some  importance  when  studying 
the  behaviour  of  ships  in  interaction  situations. 


1* . EXPERIMENTAL  DETAILS 

Experiments  to  measure  interaction  forces  between 
various  ship  models  were  carried  out  in  the  large 
circulating  water  channel  at  Ship  Division  NPL 
which  allows  one  or  more  models  to  be  held  stat- 
ionary while  the  flow  streams  past.  Provision  of 
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a false  floor  in  the  working  section  whose  vertical 
height  is  easily  adjusted  allows  the  channel  to  be 
run  in  a shallow  water  mode. 

This  facility  is  ideally  suited  to  the  measurement 
of  interaction  forces  because  it  may  be  run  contin- 
uously while  the  longitudinal  and  lateral  separa- 
tions of  the  models  are  varied.  Water  depth  can 
also  be  changed  with  ease  so  that  results  from  a 
wide  variety  of  experimental  conditions  may  be 
obtained  rapidly  and  conveniently. 

There  are  'some  disadvantages  in  using  this  facility 
when  compared  to  a conventional  towing  tank,  and 
these  are  discussed  below.  However,  for  the 
investigations  carried  out  so  far  it  has  been  found 
that  the  limitations  of  the  facility,  once  recog- 
nised, have  not  unduly  impeded  the  experiments. 

1*.  1 Model  Details 

The  models  used  in  the  interaction  experiments  were 
as  detailed  below. 

Model  A 

A single  screw  closed-stern  cargo-liner  form  with 
a block  coefficient  of  0.701.  It  was  fitted  with 
propeller  and  rudder. 

Model  B 

A single  screw  closed-stern  tanker  form  with  a 
block  coefficient  of  0.761.  It  was  fitted  with 
propeller  and  rudder  and,  with  model  A,  comprised 
a pair  of  geosims  of  the  free-running  models  A and 
B of  reference  2.  The  ratio  Lpp  (model  A)/Lpp 
(model  B)  was  0.839;  the  free-running  geosims  of 
reference  2 had  a scale  ratio  of  0.459  to  the 
larger  pair  used  in  the  water  channel  experiments . 

Model  C 

A single  screw  conventional  tug,  fully  described  in 
reference  4.  For  these  experiments  it  was  fitted 
with  a detachable  rudder,  but  no  propeller. 

Model  D 

This  was  a tug-like  form  designed  at  NPL  for  the 
reasons  given  in  section  5.2  below.  It  was  not 
fitted  with  propeller  or  rudder,  but  had  a large 
detachable  skeg  aft  as  shown  in  Figure  1 . 

Model  E 

A single  screw  tanker  form  with  a cylindrical  ram 
bow  and  a block  coefficient  of  0.838.  It  was 
characterised  by  a bluff  forebody  but  a reasonably 
easy  run  in  the  aft -body.  This  gave  rise  to  pro- 
nounced shoulders  forward  with  somewhat  less 
pronounced  shoulders  aft.  It  was  run  without  pro- 
peller or  rudder  and  the  ratio  Lpp  (tug) /Lpp 
(model  E)  was  0.212  for  both  tug  models  C and  D. 

4.2  Experimental  Methods  and  Instrumentation 

4.2.1  The  Experiments 

The  experiments  were  carried  out  with  one  model 
fixed  to  the  carriage  on  the  centreline  of  the 
working  section,  while  the  other  model  was  rigidly 
moored  independently  of  the  carriage  and  to  one 
side.  The  model  attached  to  the  carriage  was 
instrumented  while  the  other  was  not,  so  to  measure 
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interaction  forces  on  the  other  model,  their  posi- 
tions were  interchanged.  As  forces  were  only 
measured  on  the  model  on  the  channel  centreline, 
lateral  forces  arising  from  wall  interference  were 
eliminated  so  that  only  the  pure  interaction 
forces  between  the  models  remained. 

The  experiments  were  run  in  general  at  a constant 
depth  and  various  overlaps  although  one  series  of 
measurements  was  made  for  various  water  depths  at 
one  overlap. 

The  effect  of  speed  was  investigated  by  repeating 
the  measurements  at  two  speeds  and  constant  depth 
and,  for  models  A and  B the  effect  of  self- 
propelling  the  models  was  studied.  Finally  for 
models  A,  B and  C the  part  played  by  flow  past  the 
rudder  on  interaction  forces  was  investigated. 

For  the  particular  experiments  described  in  this 
paper,  transverse  separation  between  the  models  was 
not  varied  although  this  has  been  studied  in 
previous  experiments  involving  models  C and  E. 

b. 2.2  Instrumentation 

Measurement  of  the  interaction  forces  was  straight- 
forward although  operating  features  of  the  circul- 
ating water  channel  had  to  be  borne  in  mind  when 
designing  equipment.  When  the  channel  is  at  rest, 
the  static  water  level  above  the  false  door  is 
considerably  less  than  the  operating  level  and  for 
models  A and  B was  also  considerably  less  than  the 
draughts  of  the  models.  This  meant  not  only  that 
one  or  both  of  the  models  were  aground  when  at  rest 
but  also  that  when  starting  and  stopping  the 
channel  the  measuring  equipment  had  to  cater  for 
vertical  changes  in  operating  level  of  up  to  200  mm. 

The  fact  that  the  model  could  be  aground  when  at 
rest  meant  also  that  some  means  of  completely 
disconnecting  the  measurement  system  from  the  model 
had  to  be  devised  so  that  true  'no-load'  zero 
readings  could  be  taken.  It  was  found  that  unless 
the  instrumentation  was  so  designed,  large  non- 
repeatable  loads  were  imposed  on  it  when  the  model 
grounded.  The  presence  of  these  forces  during 
starting  and  stopping  also  meant  that  suitable 
stops  had  to  be  provided  to  prevent  overload  damage 
to  the  transducers. 

Measuring  System 

The  system  finally  adopted  for  use  with  models  A 
and  B was  similar  to  that  of  reference  7 and  is 
shown  diagrammatically  in  Figure  2 which  also 
incorporates  a block  diagram  of  the  data  acquisi- 
tion system. 

Lateral  forces  were  measured  at  bow  and  stern  by 
two  200  II  modular  force  gauges  manufactured  from 
EH2U  steel  and  incorporating  linear  displacement 
transducers  with  a range  of  + 0.12 7 mm.  These  were 
attached  to  vertical  legs  which  in  turn  were  firmly 
clamped  to  a longitudinal  box-section  steel  strong- 
back mounted  on  the  carriage . 

On  the  bottom  of  each  block  gauge  was  mounted  a 
vertical  roller  which  engaged  in  horizontal  rollers 
fitted  in  the  model  on  its  waterplane.  The 
clearance  between  vertical  and  horizontal  rollers 
was  0.381  mm  and  this  arrangement  allowed  the  force 
gauges  to  be  completely  disconnected  from  the  model 
by  raising  the  carriage  which  caused  the  vertical 
rollers  to  disengage  from  the  horizontal  rollers. 


Longitudinal  force  was  measured  using  a 50  It  force 
gauge  mounted  in  the  model  and  connected  to  a 
towing  strut  by  a rigid  towing  hook.  This  hook  was 
not  engaged  until  a steady-state  condition  had  been 
reached  after  the  start  of  a run  and  was  similarly 
disengaged  before  shutting  down  at  the  end  of  a 
run;  the  large  transient  forces  during  starting 
and  stopping  were  taken  on  a towing  chain  perman- 
ently attached  to  the  model  but  which  was  slack 
during  normal  running. 

Suitable  stops  were  provided  in  each  force  gauge  to 
prevent  overload  in  the  direction  of  the  measured 
force  and  further  stops  prevented  large  vertical 
buckling  loads  being  applied  to  the  lateral  force 
gauges  during  starting  and  stopping.  Clearances  at 
these  vertical  stops  was  continually  monitored  by 
means  of  closed-circuit  television. 

The  measuring  system  employed  for  models  C and  D 
was  altogether  simpler  as  the  small  size  of  these 
models  allowed  them  to  be  placed  in  position  by 
hand  once  the  channel  was  running  at  steady  speed. 
Side-forces  at  bow  and  stern  were  measured  using 
two  lateral  spring  balances.  The  vertical  arms 
from  these  balances  fitted  in  cups  mounted  in  the 
models,  the  side-forces  acting  on  the  model  causing 
the  vertical  arm  to  move  against  a calibrated 
spring.  Balance  was  restored  by  extension  of  the 
spring  with,  if  necessary,  the  addition  of  dead- 
weights . 

For  all  experiments  water  speed  in  the  channel  was 
measured  using  a small  propeller-type  current 
meter  with  a 10  am  rotor.  This  was  mounted  ahead 
of  the  model  under  the  carriage  at  a depth  of 
100  mm  and  approximately  half  way  between  the 
centreline  and  the  wall  of  the  working  section  on 
the  side  opposite  to  the  moored  model. 

Data  Handling 

For  the  measuring  system  used  with  models  A and  B, 
voltages  from  each  of  the  three  force  gauges 
together  with  pulses  from  the  propeller  shaft  rev. 
counter  and  the  current  meter  were  interfaced  to 
the  data  logging  system  of  Figure  2 and  integrated 
for  60  seconds.  Integrated  results  were  then 
printed  out  on  a Teletype  and  punched  on  paper  tape. 
By  using  the  editing  facilities  of  the  Teletype 
complete  data  tapes  were  prepared  which  were 
analysed  by  computer  to  produce  non-dimensionalised 
force  and  moment  coefficients  and  other  relevant 
information. 

The  same  computer  program  was  also  used  to  process 
data  collected  from  models  C and  D although  in 
this  case  readings  were  written  down  and  data  tapes 
prepared  after  the  experiments . 

Measured  forces  and  moments  were  non-dimensional- 
ised according  to  the  scheme 


JpBTV2  JpBTV2  JpB^V2 

where  T is  the  draught  of  the  model  and  these 
were  then  directly  compared  with  the  force  and 
moment  coefficients  obtained  from  the  two-dimens- 
ional theory.  A longitudinal  overlap  Xq  was 
defined  as 

Xq  = xb0u  (model  E or  model  B)  - 
x.  w (tug  or  model  A) 
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and  this  was  non-dimensionalised  with  respect  to 
the  length  of  model  B or  model  E,  the  distinction 
being  made  clear  on  the  appropriate  plottings.  The 
lateral  separation  Y0  of  the  centrelines  of  the 
models  was  also  non-dimensionalised  with  respect  to 
the  length  of  model  B or  E as  appropriate. 

The  axis  system  used  is  indicated  on  the  plottings 
of  results  with  the  x-axis  in  the  direction  of 
motion  and  the  y-axis  to  one  side. 

4.3  Errors 

Apart  from  the  sources  of  error  which  occur  in  most 
tank  experiments  arising  from  limitations  of  trans- 
ducers, balances,  amplifiers  etc.  additional 
sources  of  error  arise  in  experiments  in  the  cir- 
culating water  channel  which  originate  in  the 
limitations  of  the  facility  itself. 

4.3.1  Channel  Flow  Characteristics 

Unsteadiness 

The  channel  does  not  have  the  same  inherent 
accuracy  as  a towing  tank  because  the  fluid  moves 
past  the  model  and  does  so  with  a certain  degree  of 
unsteadiness  and  a higher  turbulence  level  than  in 
a towing  tank.  Moreover  certain  structural  fea- 
tures of  the  channel  (such  as  the  false  floor)  can 
cause  extra  disturbances  in  the  flow  which  make 
accurate  measurement  difficult.  The  unsteadiness 
in  the  flow  was  minimised  by  using  an  integration 
time  of  60  seconds  for  the  experiments  involving 
models  A and  B and  waiting  a similar  length  of  time 
to  estimate  a mean  value  for  the  experiments  with 
models  C and  D.  Repeat  values  were  obtained  for 
all  runs . Furthermore  a rotary  damper  was  provided 
on  the  balances  used  with  models  C and  D. 

Boundary  Layer  Growth 

The  main  feature  of  flow  in  a water  channel  is  the 
growth  of  a boundary  layer  over  the  floor  and 
sides.  This  gives  rise  to  a flow  which  acceler- 
ates from  one  end  of  the  working  section  to  the 
other  and  has  a major  effect  on  longitudinal 
steady  state  (drag)  force  measurements.  The  accel- 
erating flow  in  conjunction  with  the  high  blockage 
ratios  obtained  in  the  channel  also  appears  to  have 
an  effect  on  the  transverse  crest  positioning  of 
the  model  wave  train  so  that  measured  values  of 
squat  may  be  seriously  in  error.  As  an  example  of 
this  model  B was  known  to  squat  by  the  bow  in  a 
towing  tank  at  a given  speed  and  water  depth  but 
was  observed  to  squat  by  the  stern  at  the  same 
speed  in  the  same  depth  of  water  in  the  water 
channel  whose  width  is  0.6  that  of  the  towing  tank. 

The  longitudinal  flow  acceleration  was  measured  in 
the  channel  at  two  speeds  with  either  model  A or 
model  B fixed  to  the  carriage  but  with  the  other 
model  absent.  Velocities  were  measured  with  the 
current  meter  at  approximately  20  positions  along 
the  working  section.  Boundary  layer  displacement 
thickness  6*  on  the  false  floor  was  calculated 
using  the  flat  plate  value  of  (reference  8) 

6«  = | where  6 = 0.37  Rx"°'2 

and  assuming  turbulent  flow.  Results  of  these 
investigations  are  given  in  Table  1 . 

In  table  1 the  calculated  displacement  thickness 


6*  is  related  to  the  at-rest  underkeel  clearance 
(h-T)  and  a range  of  values  is  given  corresponding 
to  the  growth  of  the  boundary  layer  from  one  end 
of  the  false  floor  to  the  other.  From  this  it  is 
seen  that  the  models  are  likely  to  experience  the 
greatest  local  interference  from  the  channel 
boundary  layer  when  they  are  at  longitudinal  posi- 
tions remote  from  the  leading  edge  of  the  false 
floor.  As  it  was  not  possible  to  accommodate  the 
whole  range  of  overlaps  in  the  available  length  of 
the  working  section  it  was  necessary  to  re-moor 
the  'dumb'  model  so  that  overlaps  which  had  been 
remote  from  the  leading  edge  of  the  false  floor 
(where  6*  was  large)  were  moved  close  to  the 
leading  edge  of  the  false  floor  (where  6 was 
small).  By  repeating  certain  critical  overlap 
positions  in  this  way  it  was  possible  to  minimise 
errors  arising  from  the  channel  boundary  layer  over 
most  of  the  overlap  positions. 

Although  the  growth  of  the  channel  boundary  layer 
will  undoubtedly  quantitatively  affect  longitudinal 
forces  and  squat,  it  was  assumed  that  it  had  a 
negligible  effect  on  lateral  forces;  further  it 
was  assumed  that  the  general  character  of  the  long- 
itudinal forces  were  not  significantly  affected 
and  squat  was  not  measured. 

Crossflow 

The  water  channel  comprises  a horizontal  hydraulic 
circuit  around  which  water  is  pumped  in  an  anti- 
clockwise direction.  During  the  experiments  it 
was  found  that  a sideforce  and  moment  were  induced 
on  the  model  under  test  when  the  moored  model  was 
absent.  These  appeared  to  be  due  to  crossflow  in 
the  working  section  and  they  were  measured  and 
subsequently  used  to  correct  the  interaction  force 
measurements . 

Water  depth 

Both  water  depth  and  speed  in  the  working  section 
are  related  to  the  hydraulic  characteristics  of 
the  water  channel.  Therefore,  just  as  unsteadi- 
ness in  water  speed  occurs  so  does  some  unsteadi- 
ness in  the  water  depth,  which  was  seen  to  vary 
slightly  throughout  the  day.  This  variation  was 
not  thought  to  affect  the  results  unduly  as  the 
interaction  forces  were  varying  slowly  with  depth 
for  all  the  models.  Some  idea  of  the  variation 
with  water  depth  is  given  in  table  2 derived  from 
measurements  made  with  model  A. 


For  1?  change  in  h/T 

6 c„ 

6 C„ 

Y 

N 

mean  h/T  1 .68 

0.01 

0.03 

1.38 

0.03 

0.10 

TABLE  2 


The  variation  in  h/T  was  generally  £ 1.0?  during 
the  experiments. 

Blockage 

Blockage  in  the  working  section  was  high  with 
blockage  ratios  of  the  order  of  0.10.  No  correct- 
ions were  made  for  blockage,  but  this  is  not 
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expected  to  affect  the  general  conclusions  about 
the  nature  of  the  interaction  forces.  As  stated 
above  the  effects  of  the  channel  walls  on  side- 
forces  were  eliminated  by  taking  measurements  only 
from  the  model  on  the  centreline  of  the  channel. 

It. 3. 2 Force  and  Velocity  Measurements 

The  resolutions  of  the  modular  force  gauges  and 
sideforce  balances  are  shown  in  Table  3 together 
with  the  resolution  of  the  current  meter  which  had 
a threshold  velocity  of  0.042  m/s.  Also  shown  in 
Table  3 are  overall  values  of  repeatability  at 
constant  overlap  derived  from  several  pairs  of 
repeat  values . These  are  given  as  mean  values  of 
repeatability  of  the  force  and  moment  coefficients 
and  combine  both  velocity  and  force  measurement 
errors.  They  are  therefore  used  to  indicate  the 
overall  accuracy  of  the  experimental  measurements 
bearing  in  mind  the  characteristics  of  the  channel 
flow  mentioned  above. 

Sources  of  error  in  the  experiments  have  been 
considered  in  some  detail  because  the  results  are 
used  to  compare  both  theoretical  predictions  and 
the  effect  of  changes  in  operating  conditions  of 
the  models;  clearly  any  comparison  of  differences 
between  results  must  take  account  of  the  accuracy 
with  which  the  results  have  been  obtained. 

5.  Tug-Ship  Interaction 

The  subject  of  tug-ship  interaction  has  been 
discussed  at  some  length  in  references  3 and  4.  A 
few  results  are  included  here  however  to  illustrate 
certain  hydrodynamic  features  relevant  to  the 
general  topic  of  interaction. 

5 . 1 Conventional  Tug 

Results  obtained  with  models  C and  E are  shown  in 
Figure  3.  Neither  model  was  propelled  for  these 
experiments  and  model  C was  tested  with  and  without 
its  rudder.  Also  shown,  to  a different  scale,  are 
calculated  values  of  interaction  sideforce  and 
moment  induced  on  model  C by  model  E. 

The  depth/draught  ratio  for  model  C was  3.26 
whereas  that  for  model  E was  1.15. 

Features  of  these  sideforce  and  moment  curves  are 
discussed  in  reference  4 but  the  main  item  of 
interest  here  is  the  measured  bow-in  turning 
moment  which  occurs  in  the  range  -0.3  < X0/Lg  6 
-0.1.  It  is  seen  that  this  potentially  dangerous 
turning  moment  is  not  predicted  qualitatively  by 
theory  even  though  other  features  of  the  force  and 
moment  curves  show  reasonable  qualitative  agree- 
ment . 

It  was  agreed  iq  reference  4 that  this  turning 
moment  did  not  arise  from  the  bow  wave  of  model  E 
pushing  aside  the  stern  of  model  C - a convent- 
ional explanation  of  the  phenomenon  - but  rather  it 
originated  from  crossflow  over  the  rudder  of  the 
tug  causing  the  rudder  to  be  at  an  effective  angle 
of  attack  and  so  turning  the  tug.  This  crossflow 
arose  from  the  flow  accelerating  past  the  bluff 
forebody  of  model  E and  crossflow  angles  at  the 
rudder  of  up  to  20°  were  observed. 

Removal  of  the  rudder  of  model  C significantly 
reduced  this  turning  moment  as  is  seen  from  Figure 
3 and  lent  support  to  the  argument  that  wave 
interference  had  little  to  do  with  the  phenomenon. 


It  seemed  in  fact  that  the  computed  bow-out  turn- 
ing moment  in  this  region  was  not  treasonable  as 
one  might  expect  the  constricted  flow  between  the 
aft-body  of  the  tug  and  the  forebody  of  the  ship 
to  cause  the  stern  of  the  tug  to  be  sucked  toward 
the  ship.  That  this  did  not  happen  was  clearly  due 
in  part  to  the  lift  induced  on  the  rudder  in  this 
region  of  strong  crossflow.  However  some  'bow- in' 
turning  moment  remained  with  the  rudder  removed  as 
is  seen  from  Figure  3 and  this  was  thought  to  arise 
predominantly  from  crossflow  impinging  on  the  skeg 
incorporated  in  the  aft-body  lines  of  model  C. 

5.2  Design  Exercise 

To  test  the  arguments  advanced  in  section  5.1  and 
to  investigate  the  part  which  lift-producing  fea- 
tures of  hull  design  could  play  in  interaction 
crossflows,  a tug  hull  was  designed  with  the  foll- 
owing aims : - 

i)  To  have  the  lift-inducing  features  of  the 
hull  concentrated  aft  and  incorporated  in 
a separate,  removable  entity  so  that  the 
effect  of  these  features  in  a crossflow 
could  be  identified. 

ii)  To  reduce  the  number  of  lift-inducing 
features  of  the  rest  of  the  hull  to  a 
minimum . 

iii)  To  make  the  length  and  sectional  area 
curve  as  close  as  possible  to  those  of 
model  C. 

iv)  The  hull  should  have  a shallow  draught  so 
that,  if  wave  effects  were  a significant 
cause  of  certain  features  of  interaction, 
they  would  be  readily  observed  on  the 
model . 

Model  D which  resulted  from  this  exercise  is  shown 
in  Figure  1 and  is  seen  to  bear  more  than  a passing 
resemblance  to  a modern  'water  tractor'  hull  form. 
The  lift -producing  feature  of  the  hull  is  the  large 
removable  flat  plate  skeg  aft  and  it  is  seen  that 
the  hull  form  is  both  shallow  and  rounded  so  that 
little  effect  of  crossflow  would  be  expected  on 
the  hull  without  its  skeg. 

Results  obtained  with  models  D and  E are  shown  in 
Figure  4 where  measured  sideforces  and  moments  are 
shown  with  and  without  the  skeg  fitted  and  with  a 
'clear  water'  separation  between  the  sides  of 
models  D and  E the  same  as  that  between  models  C 
and  E at  X0/I,E  = 0.5. 

The  effect  of  the  skeg  is  seen  to  be  dramatic.  The 
bow-in  turning  moment  when  model  D was  in  the  range 
-0.3  < X0/lrg  g -0.08  is  seen  to  be  entirely  due  to 
the  skeg,  the  'hull  alone'  moment  curve  having  the 
same  qualitative  trend  as  the  calculation  shown  in 
Figure  3.  No  'pushing'  was  observed  from  the  bow- 
wave  of  model  E and  this  is  confirmed  by  the 
results. 

The  crossflow  in  the  range  -0.3  ^ Xq/Lj;  $ 0.0  which 
causes  the  lift  on  the  skeg  is  seen  to  be  a major 
contributor  to  the  repulsion  sideforce  the  tug 
experiences  in  this  region,  although  some  sideforce 
is  evident  with  the  'hull  alone'  due  perhaps  to 
some  lift  being  developed  in  a manner  similar  to 
that  discussed  in  reference  9,  page  405-418. 

Similar  effects  are  found  when  model  D is  near  the 
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aft-body  of  model  E,  the  crossflow  now  being 
directed  inward  and  so  causing  an  inward-directed 
lift  force  or  the  skeg  of  model  D.  Other  features 
of  the  interaction  curves  in  the  region 
0 i Xq/lE  * O-1*  where  crossflow  is  small  are  seen 
to  be  similar  to  those  occurring  in  Figure  3,  the 
causes  of  these  features  being  discussed  in 
reference 

One  observation  made  of  model  D was  that,  when  the 
skeg  was  added  and  the  model  was  run  in  a region  of 
strong  crossflow,  the  lift  generated  by  the  skeg 
acting  at  a point  low  on  the  skeg/hull  combination, 
caused  a pronounced  heel  on  the  model.  This  was 
not  observed  when  the  skeg  was  removed,  and 
suggests  another  result  of  interaction  which  could 
prove  hazardous  for  a tug. 

These  model  experiments  emphasise  the  part  that 
lift  forces  play  in  interaction,  bearing  out  the 
conclusions  of  reference  1 . They  also  show  the 
part  hull  design  plays  in  features  of  the  inter- 
action curves;  for  example  it  might  be  expected 
that  a ship  ahead  of  another  with  a bluff  bow  might 
experience  a tendency  to  turn  across  the  other's 
bows  due  to  the  strong  crossflow  induced  near  the 
bow  of  the  bluff  vessel.  Such  a tendency  might  be 
expected  to  occur  to  a much  lesser  extent  ahead  of 
a ship  with  a fine  forebody. 

6.  Ship-Ship  Interaction 

Interaction  between  models  of  similar  size,  moving 
at  the  same  speed  on  parallel  courses  was  invest- 
igated with  models  A and  B.  The  depth  of  water  was 
such  that  for  most  of  the  experiments , except  those 
exploring  the  variation  of  interaction  forces  with 
water  depth,  the  at-rest  water  depth/ draught 
ratios  were  1.67  for  model  A and  1.30  for  model  B. 
For  all  experiments  a constant  value  Yg/Lg  0 f 
0.252  was  maintained  and  the  rudders,  where  fitted, 
were  fixed  amidships . 

6. 1 Basic  Interaction  Forces  and  Moments 

The  basic  interaction  forces  and  moments  i.e.  those 
measured  on  each  model  with  the  propellers 
stationary,  are  shown  in  Figure  5 together  with  the 
experimental  results  from  which  the  continuous  fair 
curves  are  derived.  Experiment  points  are  omitted 
in  subsequent  Figures  for  clarity.  Repeatability 
figures  from  Table  3 are  also  shown  on  this  Figure. 

Figure  6 shows  calculated  results  obtained  using 
the  two-dimensional  theory  alluded  to  in  section  2 
above.  Results  obtained  with  and  without  the 
inclusion  of  circulation  in  the  computation  are 
shown  and  the  models  were  assumed  to  be  represented 
by  two-dimensional  struts  having  waterplanes  of 
the  same  shape  as  the  load  waterplanes  of  the 
models . 

The  three  components  of  interaction  shown  on  these 
Figures  are  discussed  separately. 

Longitudinal  Force  Cx 


It  is  clear  that  both  models  experienced  increases 
or  decreases  in  steady-state  drag  depending  on 
overlap.  It  is  also  clear  that  when  one  model 
experienced  a decrease  in  drag,  the  other  exper- 
ienced an  increase.  These  features  are  reproduced 
qualitatively  by  the  calculations,  the  effect  of 
circulation  being  most  pronounced  on  the  model  that 


is  ahead  and  therefore  having  to  contend  with  the 
effect  of  large  streamline  curvatures  induced  near 
its  stern  by  the  bow  of  the  following  model  as 
suggested  in  reference  1 . 

It  is  seen  that  the  computed  results  oscillate 
about  a mean  'open  sea'  drag  of  zero  which  is  to  be 
expected  from  a perfect  fluid  theory  and  that  the 
phasing  of  the  curves  from  the  two  models  does  not 
agree  with  the  measurements  of  Figure  5.  For 
example  model  A experienced  a minimum  drag  value  at 
Xg/Lg  = 0.6  in  the  experiments  and  at  about 
Xg/Lg  = 0.5  in  the  calculations  whereas  model  B 
reaches  a maximum  drag  at  Xg/Lg  = 0.U  in  the  exper- 
iments and  at  about  Xg/Lg  = 0.8  in  the  calculations. 
It  is  probable  that  the  neglect  of  free  surface 
effects  in  the  theory  is  responsible  in  part  for 
this  discrepancy. 

Sideforce  Cy 


It  is  in  the  computation  of  sideforce  that  the 
importance  of  including  circulation  is  seen,  again 
bearing  out  the  conclusions  of  reference  1 . The 
character  of  the  sideforce  curves  in  Figure  6 is 
quite  different  when  circulation  is  included  and 
the  effect  of  satisfying  the  Kutta  condition  on  the 
ahead  model  is  clear. 

The  measurements  of  Figure  5 bear  out  qualitatively 
the  results  of  the  computations  although  quantit- 
atively the  measured  Cy  values  are  very  much  less 
than  their  computed  counterparts,  emphasising  the 
crudity  of  the  two-dimensional  mathematical  model. 
It  is  again  possible  that  the  neglect  of  free- 
surface  effects  in  the  computations  is  responsible 
for  the  phasing  discrepancies  between  calculation 
and  measurement;  this  may  be  especially  true  when 
the  models  are  side-by-side  (-0.2  ( Xg/Lg  £ O.b) 
in  which  condition  large  free-surface  changes  in 
the  gap  between  the  models  were  observed. 

Turning  Moment  Cjj 


It  is  in  the  comparison  of  computed  and  measured 
turning  moment  that  discrepancies  are  of  most 
interest  not  only  from  an  academic  but  from  a 
practical  point  of  view.  When  on  a ship  in  an 
interaction  situation  it  is  the  effect  of  the 
turning  moment  on  the  ship  which  will  be  perceived 
first;  moreover  it  is  the  interaction  feature 
which  the  ship  is  best  able  to  counter  by  means  of 
its  rudder. 

It  appears  from  a comparison  of  Figures  5 and  6 
that  the  measured  results  are  qualitatively 
reasonably  well  predicted  by  the  calculations. 
However  the  phase  differences  between  measurement 
and  calculation  are  crucial  to  any  analysis  of  the 
interaction  experienced  by  two  ships  on  parallel 
courses.  At  an  overlap  of  Xg/Lg  = 0.3  it  is.  seen 
from  Figure  5 that  model  B experienced  a large 
'bow-out'  turning  moment  while  model  A experienced 
a very  small  moment  toward  model  B.  At  an  overlap 
of  Xg/Lg  =0.1  both  models  are  experiencing  moments 
tending  to  turn  them  away  from  each  other.  If  the 
results  of  Figure  5 are  assumed  to  apply  approxi- 
mately to  the  case  of  two  models  in  an  overtaking 
situation,  it  might  be  expected  that  when  the 
models  are  side-by-side  they  would  be  subjected  to 
moments  which  would  turn  them  away  from  each  other 
with  some  violence!  Such  behaviour  was  in  fact 
observed  in  free-running  model  tests  at  NPL  and  is 
discussed  in  references  2 and  3. 
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The  calculated  Cjj  values  of  Figure  6 however, 
although  in  better  quantitative  agreement  with 
measurement  than  the  Cy  values  show  a phasing 
discrepancy  compared  to  measured  values  in  the 
range  -0.1  S Xg/Lg  S 0.3.  This  has  the  effect  of 
almost  completely  suppressing  the  tendency  of  the 
models  to  turn  away  from  each  other;  the  calcul- 
ations suggest  in  fact  that  the  models  turn  more 
or  less  together. 

The  other  main  area  of  disagreement  between  theory 
and  experiment  occurs  when  one  model  is  ahead  of 
the  other  in  the  region  |Xg/Lg|  ? 0.8.  It  is  seen 
from  Figure  5 that  when  model  A is  ahead  of  model 
B the  turning  moment  curve  becomes  negative  for 
-1.1  S Xg/Lg  4 -0.7,  a feature  not  predicted  by  the 
calculations  of  Figure  6.  The  reason  for  this  is 
presumably  due  to  crossflow  at  the  stern  of  model  A 
as  the  streamlines  curve  to  pass  the  bows  of  the 
fuller  formed  model  B,  this  crossflow  inducing  a 
lift  on  the  aft -body  and  rudder  of  model  A in  a 
manner  analagous  to  that  discussed  in  section  5 
above.  It  is  noteworthy  that  when  model  B is  ahead 
of  model  A it  appears  that  the  crossflow  induced  on 
the  stern  of  model  B by  the  bows  of  the  fine-formed 
model  A is  not  quite  large  enough  to  produce  a 
positive  turning  moment  in  the  range  0.9  < Xg/Lg  s 
1.2.  Although  these  turning  moments  induced  by 
crossflow  may  appear  to  be  small,  they  cause  the 
ahead  model  to  turn  across  the  bows  of  the  other  in 
a manner  which  in  a practical  situation  could  cause 
a hazardous  situation  to  arise  almost  imperceptably 
(see  references  2 and  3). 

During  the  model  experiments  it  was  noted  that  the 
squat  of  each  model  varied  with  overlap  as  they 
'rode'  on  each  other's  wave  system.  When  both 
models  were  side-by-side,  the  squat  of  both  models 
was  enhanced  due  no  doubt  to  the  low  pressure 
fields  around  the  models . 

6.2  Effect  of  Speed 

Measurements  of  interaction  forces  were  made  for 
each  model  at  two  speeds  corresponding  to  9.1  knots 
and  7-1  knots  full  scale.  The  effect  of  this  can 
be  seen  in  Figure  3 where  as  might  be  expected  the 
longitudinal  forces  do  not  appear  to  follow  a V2 
law  as  aiscrete  curves  of  Cx  are  produced  at  each 
speed;  this  would  not  be  the  case  if  a V2  law 
were  followed  as  the  longitudinal  force  has  been 
non-dimensionalised  with  respect  to  V2. 

It  is  clear  that  the  sideforce  is  nearly  proport- 
ional to  V2  but  the  turning  moment  is  not.  As 
the  longitudinal  force  and  turning  moment  are 
perhaps  more  likely  to  be  affected  by  free-surface 
effects  than  the  sideforce,  this  could  be  the  cause 
of  the  non-V2  relationship.  Some  experiments  with 
tug  models,  described  in  references  3 and  k showed 
that  there  were  certain  features  of  the  inter- 
action curves  when  the  tug  was  alongside  the  ship 
model  which  were  associated  strongly  with  free- 
surface  effects  - wave  patterns,  reflections  etc.  - 
and  it  was  these  features  which  did  not  follow  a 
V2  law.  With  models  A and  B,  wavemaking  effects 
might  be  expected  to  be  greatest  when  the  ships  are 
alongside  and  maximum  distortion  of  the  wave 
systems  of  each  model  occurs . 

6.3  Effect  of  Self-Propulsion 

Both  models  A and  B were  self-propelled  for  a fur- 
ther series  of  experiments  at  constant  revolutions 
to  give  'open  sea'  propeller  loadings  approximating 


to  those  obtained  full-scale.  Results  are  shown 
in  Figure  7 for  a full-scale  speed  of  9- 1 knots 
and  several  interesting  points  emerge. 

It  is  clear  that  propelling  the  models  has  an 
effect  on  all  measured  interaction  components.  The 
reduction  in  drag  on  model  A in  the  region 
0.U  S Xg/Lg  £ 0.8  is  such  as  to  suggest  that  a ship 
would  experience  a marked  acceleration  at  this 
overlap  if  approaching  at  constant  revolutions. 

At  the  same  time  the  other  ship  would  experience 
an  increased  drag  and  would  be  caused  to  slow  down 
so  that  a dangerous  situation  could  arise  suddenly 
and  with  increased  severity. 

It  appears  that  the  effect  of  self-propulsion  on 
Cy  and  Cjj  depends,  for  a single-screw  form,  on 
whether  the  ship  is  to  port  or  starboard  of  the 
other.  Both  models  A and  B had  single  right-handed 
propellers  and  for  all  experiments  model  A was  to 
starboard  of  model  B.  It  is  clear  that  in  the 
range  0 s Xg/Lg  £ 0.3  the  effect  of  propulsion  is 
to  increase  the  bow-out  turning  moment  of  models  A 
and  B and  to  increase  the  attraction  between  them. 
For  0.3  $ Xg/Lg  g 0.8  the  effect  of  propulsion  is 
to  increase  the  bow-in  turning  moment  of  model  A 
and  to  increase  the  bow-out  turning  moment  of 
model  B. 

Also  shown  on  Figure  7 are  the  initial  turning 
moment  coefficients  produced  by  the  rudders  of  both 
models  at  the  'hard  over'  position  of  + 35°  when 
the  models  were  propelled.  It  is  clear  from  this 
that  at  certain  overlaps  the  turning  moments 
induced  by  interaction  in  shallow  water  are  consid- 
erably in  excess  of  any  correcting  moment  that 
could  be  applied  by  the  ship's  rudder.  This 
differs  from  the  deep  water  case  where  model  tests 
can  be  used  to  predict  rudder  angles  to  counteract 
interaction  (reference  10).  This  illustrates  the 
magnification  of  interaction  forces  by  shallow 
water  which  is  discussed  further  in  section  6.5 
below. 

6 .U  Effect  of  Rudder 

The  effect  of  removing  the  rudders  of  both  models 
is  shown  in  Figure  8.  It  is  apparent  that  the 
effect  of  the  rudder  in  the  interaction-induced 
crossflows  is  much  less  than  that  of  model  C as 
shown  in  Figure  3.  The  effect  on  Cx  and  Cy  is 
barely  perceptible  but  there  is  some  change  in 
Cjj,  generally  on  the  'ahead'  model  where  crossflow 
is  greatest;  it  is  clear  that,  as  suggested  by 
the  results  of  models  C and  D,  the  interaction 
effects  on  the  rudder  and  the  aft-body  cause  the 
ahead  model  to  show  a tendency  to  turn  across  the 
bows  of  the  overtaking  model. 

Neither  model  was  propelled  while  the  results  shown 
in  Figure  8 were  obtained  but  the  propellers  were 
fitted  and  their  presence  ahead  of  the  rudders  may 
have  reduced  the  lift  generated  by  the  rudders  in 
crossflow.  Furthermore,  both  models  had  fairly 
substantial  skegs  incorporated  in  the  aft-bodies 
and,  as  shown  in  section  5.2  these,  as  well  as  the 
rudders  may  have  developed  a large  proportion  of 
the  sideforces  and  turning  moments  induced  by  lift. 

6.5  Effect  of  Water  Depth 

To  study  the  effect  of  water  depth  on  interaction, 
models  A and  B were  held  at  a constant  overlap 
Xg/Lg  = 0.635  and  forces  were  measured  on  model  A 
while  its  h/T  value  was  varied  from  1.375  to 
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2.150  by  increasing  the  water  depth.  Neither  model 
was  propelled  for  this  experiment  although  rudders 
and  propellers  were  fitted. 

■Results  are  shown  in  Figure  9 and  it  is  clear  that 
an  increase  of  h/T  has  the  effect  of  reducing  the 
size  of  both  the  sideforce  and  turning  moment 
rather  in  the  manner  suggested  in  reference  1 . 

The  behaviour  of  the  longitudinal  force  is  inter- 
esting however;  it  is  seen  to  increase  with 
increasing  h/T  from  a value  which  is  at  the 
'minimum  drag'  value  shown  for  model  A on  Figure  5. 
This  is  presumably  due  to  the  fact  that  the  drag 
reduction  at  this  overlap  is  due,  in  part  at  least, 
to  the  presence  of  an  accelerated  flow  between  the 
forebody  of  model  A and  the  aft -body  of  model  B. 

This  might  be  expected  to  reduce  the  pressures  over 
the  forebody  of  model  A and  the  aft-body  of  model  B 
resulting  in  a drag  reduction  for  model  A and  an 
increase  for  model  B.  In  very  shallow  water  where 
the  flow  is  more  two-dimensional,  this  increased 
velocity  of  flow  might  be  expected  to  be  greater 
than  in  deeper  water  where  the  flow  has  more  room 
to  'escape'  underneath  as  well  as  round  the  sides 
of  the  models . 

Thus  for  drag  at  least , a complex  interplay  of 
forces  takes  place,  the  interaction  force  tending 
to  depart  less  from  the  'open  sea'  value  with 
increasing  h/T  (and  thus  appearing  to  increase) 
while  the  'open  sea'  drag  value  might  be  expected 
to  decrease  with  increasing  h/T. 

It  should  be  noted  that  the  longitudinal  forces 
shown  in  Figure  9 have  not  been  corrected  for 
longitudinal  flow  accelerations  in  the  water  channel 
discussed  in  section  1.3.1. 


T.  General  Discussion 

The  results  obtained  with  models  A and  B in  shallow 
water  have  been  compared  with  calculation  and  it 
has  been  shown  that  a comparatively  crude  two- 
dimensional  theory  shows  the  main  qualitative 
features  of  the  interaction  forces  and  moments.  The 
results  obtained  with  model  D however  show  that 
certain  aspects  of  hull  design  can  drastically 
alter  the  forces  and  moments  obtained  and  this 
suggests  that  a more  comprehensive  theory  would  be 
required  to  show  these  changes  adequately.  Further- 
more, it  appears  from  the  results  from  models  A and 
B that  the  forces  do  not  simply  vary  as  the  square 
of  the  speed  and  it  is  suggested  that  wavemaking 
effects  may  well  be  the  cause  of  this  and  the  cause 
of  phase  errors  with  overlap  noted  between  theory 
and  experiment. 

A complete  three-dimensional  theory  including  the 
effects  of  shallow  water  and  wavemaking  would  be 
complex  although  some  progress  has  been  made,  not- 
ably in  reference  1.  However,  only  steady  state 
situations  have  been  discussed  in  this  paper  and 
Norrbin  has  shown  (references  11,  12)  the  import- 
ance of  unsteady  effects.  Further  extension  of  the 
theory  to  include  unsteady  effects,  and  thus  to 
model  the  more  usual  real-life  interaction  situat- 
ions where  ships  pass  eacn  other,  would  add  further 
complication  (reference  1). 

It  would  seem  therefore  that  a combination  of  a 
simpler  theory  in  conjunction  with  model  experiment 
results  could  profitably  be  used  to  study  inter- 
action for,  as  shown  in  section  5 above  the  areas 


of  disagreement  between  circulation  and  measurement 
are  as  important  as  the  areas  of  agreement. 

Although  the  model  measurements  were  made  in  a 
steady-state  situation,  results  from  models  A and 
B have  appeared  to  confirm  deductions  made  from 
free-running  geosims  of  the  same  models  in  over- 
taking situations  mentioned  in  reference  2.  How- 
ever, the  results  did  differ  in  some  important 
details,  notably  in  the  tendency  of  model  B to 
turn  across  the  bows  of  model  A when  free  running 
which  was  more  pronounced  than  measurements  from 
the  captive  models  suggested. 

The  effects  of  shallow  water  have  been  shown  to  be 
pronounced  and  Figure  9 suggests  that  they  become 
important  at  depth/draught  ratios  less  than  about 
2.0.  It  is  worth  noting  that  from  Figure  9 it 
appears  that,  at  an  overlap  Xq/Lq  of  0.635,  the 
interaction  turning  moment  exceeds  the  maximum 
initial  turning  moment  which  can  be  developed  by 
the  rudder  at  a depth/draught  ratio  of  about  1.9. 

At  depth/draught  ratios  less  than  this  it  seems 
that  situations  could  arise  in  which  control  might 
be  lost. 

8.  Conclusions 

Several  conclusions  emerge  from  the  experiments  in 
shallow  water  described  above  and  comparison  of 
the  results  obtained  with  a two-dimensional  theory. 
These  are:- 

i)  Calculation  and  measurement  show  reasonable 
qualitative  agreement  if  circulation- 
induced  effects  (i.e.  lift)  are  included  in 
the  calculation. 

ii)  For  similar-sized  models,  experimental  and 
calculated  results  are  out-of-phase  on 
overlap  possibly  due  to  the  neglect  of 
free-surface  effects  in  the  theory. 

iii)  For  similar-sized  models  in  steady-state 
conditions , the  longitudinal  forces  and 
turning  moments  induced  by  interaction  are 
not  proportional  to  at  all  overlaps. 

This  suggests  again  that  free-surface 
effects  are  important  over  the  range  of 
Froude  Depth  Numbers  encountered  in 
practice . 

iv)  The  interaction  force  and  moment  acting 
on  a model  are  strongly  affected  by  the 
crossflow-induced  lift  on  certain 
appendages  of  the  hull.  This  is  parti- 
cularly true  of  the  bow-in  turning 
moment  felt  by  the  'ahead'  ship  in  an 
overtaking  situation. 

v)  Whether  free  surface  or  lift  effects 
predominate  in  the  interaction  forces 
acting  on  a model  depend  on  its  overlap 
with  the  other  model. 

vi)  Self-propelling  a model  has  an  effect  on 
interaction.  For  single  screw  forms, 
the  effect  depends  on  whether  the  model 
is  to  port  or  starboard  of  the  other. 

vii)  Interaction  can  cause  significant  drag 
reductions  to  occur  at  certain  overlaps. 

viii)  Measured  interaction  forces  decrease  in 
magnitude  with  increasing  water  depth. 
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The  longitudinal  force  in  particular 
tends  to  show  smaller  excursions  from  the 
'open  sea'  drag  value. 

ix)  In  shallow  water  the  turning  moments 
induced  by  interaction  may  be  several 
times  greater  than  the  maximum  initial 
turning  momer.1:  which  can  be  applied  by 
the  rudder  to  counteract  them. 

x)  Interaction  produces  forces  in  the  lateral 
plane  which  can  cause  a model  to  heel  if 
the  point  of  application  of  the  force  is 
sufficiently  far  beneath  the  free  surface. 
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RESOLUTION 

REPEATABILITY 

Velocr  orce  gauge 

Y force  gauges 

Spring 

balances 

cx 

cy 

CN 

r 

i m/s 

0.005N 

0 . 00 9H 

0 . 009H 

0.02L 

o.oou 

0.015 

0.01 1 

0.017 

Ilote 


Repeatability  figure  defined  as  I Cv  (run  1)  - C (run  2)|Y  /T 

* * * * 0 B = const 

me&ned  over  several  pairs  of  runs . 
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Fig.  1 : Body  plan  and  buttock  lines  for  model  D 


1 CURRENT  METER  6 STRONGBACK  BEAM 

2 SIDEFORCE  GAUGES  7 DRIVE  MOTOR 

3 GUIDE  ROLLER  ASSEMBLY  S REV.  COUNTER 

4 TOWING  HOOK  9 STOPS 

5 LONGITUDINAL  FORCE  GAUGE  10  TOWING  CHAIN  FOR  STARTING/STOPPING 


DPM  a DIGITAL  PANEL  METER 
C • COUNTER 

I a INTERFACE  CONTROL  UNIT 
TTY  - TELETYPE 


Fig.  2:  Model  set-up  and  data  acquisition  system  used  with  models  A and  B 
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Fig.  4 


Interaction  forces  and  moments  induced  on  model  C by  model  E 
effect  of  rudder. 


Interaction  forces  and  moments  induced  on  model  D by  model  E 
effect  of  skeg. 
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Fig.  5:  Measured  interaction  forces  and  moments  on  models  A and  B - 

effect  of  speed.  Not  self-propelled;  Y_/L_  = 0.252. 

O B 
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Fig.  7:  Measured  interaction  forces  and  moments  on  models  A and 
effect  of  self-propulsion.  Steady  velocity  V = 9.1  knots  ful' 

Y0/L|  ' 0 252 
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Fig.  9:  Measured  interaction  forces  and  moments  on  model  A - effect  of 
depth/draught  ratio.  Not  self-propelled;  V = 8.3  knots  full  size; 

yo/lb  = 0252:Xo/lb  = +0635 
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THE  EFFECTS  OF  THE  RESTRICTED  WATERS  ON  THE 
ADDED  MASS  OF  A RECTANGULAR  CYLINDER 

M.  FUJINO 

University  of  Tokyo,  Bunkyo-Ku,  Tokyo,  Japan 


The  upper  and  the  lower  bounds  of  the  sway  added  mass  of  a rectangular  cylinder  translating  at  the  center 
of  a rectangular  channel  are  calculated  by  the  hypercircle  method  for  various  cases  which  are  presented 
and  compared  with  sway  added  mass  values  calculated  by  using  other  numerical  methods.  The  lower  bounds  are 
calculated  from  the  hypercircle  method  in  order  to  discuss  the  effects  of  restricted  water  on  the  sway 
added  mass  of  a rectangular  cylinder.  The  cylinder  is  considered  as  translating  at  various  off-center  po- 
sitions in  a rectangular  channel  and  also  vibrating  on  the  free  surface  of  a restricted  waterway. 


INTRODUCTION 

It  is  well  known  that  the  added  mass  of  a ship 
travelling  on  the  free  surface  of  the  restricted 
channel  is  strongly  affected  not  only  by  the  finite 
depth  of  the  waterway  but  also  by  the  finite  width 
of  the  waterway.  By  means  of  the  strip  theory  syn- 
thesis, it  is  possible  to  estimate  the  effect  of 
the  restricted  water  on  the  added  mass  of  a three- 
dimensional  body  through  considerations  of  two- 
dimensional  sections.  In  general,  however,  the 
strip  theory  synthesis  overestimates  the  added  mass 
of  a three-dimensional  body,  because  the  actual 
fluid  flows  around  both  ends  of  the  three  dimen- 
sional body. 

The  three-dimensional  nature  of  the  flow  around  an 
actual  ship  becomes  more  noticeable  in  shallow  wa- 
ter compared  with  deep  water.  As  a result,  the 
strip  theory  synthesis  gives  an  overestimation  of 
the  effect  of  the  shallow  water  on  the  added  mass. 
Consequently,  it  is  necessary  to  correct  the  re- 
sult of  the  strip  theory  synthesis  by  taking  ac- 
count of  the  three-dimensional  nature  of  the  flow 
[1]. 

Needless  to  say,  it  is  possible  to  calculate  di- 
rectly the  added  mass  of  a three-dimensional  body 
by  means  of  an  adequate  three-dimensional  method. 

In  particular,  when  we  want  to  obtain  an  accurate 
estimate  of  the  added  mass  of  a three-dimensional 
body,  we  must  use  a three-dimensional  calculation. 
However,  the  two-dimensional  calculation  can  re- 
veal the  effect  of  the  restricted  water  on  the 
added  mass  without  losing  the  essential  nature  of 
the  effects. 

Therefore,  in  what  follows,  the  effect  of  the  re- 
stricted waters  on  the  added  mass  will  be  dis- 
cussed on  the  basis  of  the  numerical  values  of  the 
added  mass  obtained  by  a two-dimensional  calcula- 
tion method  which  is  called  the  hypercircle  meth- 
od. To  be  more  precise,  the  aim  of  this  paper  is 
to  investigate  the  applicability  of  the  hypersir- 
cle  method  to  computation  of  the  added  mass  of  a 
two-dimensional  body  moving  in  a restricted  chan- 
nel and  to  compare  the  numerical  values  of  the 
added  mass  obtained  by  the  hypercircle  method  with 
those  obtained  by  other  methods. 

At  present,  there  exist  some  numerical  methods 
which  are  preferably  used  to  solve  the  boundary 
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value  problem  related  to  the  fluid  motion.  For  ex- 
ample, the  representation  of  the  velocity  potential 
function  through  distribution  of  singularities  as 
source  and  sink  is  one  of  the  orthodox  methods. 

Also,  a purely  numerical  method,  the  finite  element 
method,  has  been  highly  developed  with  appearance 
of  large  and  high  speed  digital  computers.  By  means 
of  those  methods,  we  can  easily  calculate  the  added 
mass  of  a body  having  an  arbitrary  shape. 

However,  it  must  be  noted  that  most  of  the  numerical 
methods  give  only  an  approximate  estimate  of  the 
added  mass.  In  most  cases,  we  cannot  know  to  what 
extent  the  approximate  value  obtained  represents  the 
exact  value,  or  in  other  words,  whether  the  approx- 
imate value  is  larger  or  smaller  than  the  exact  val- 
ue. This  is  an  inevitable  question  which  hangs  over 
most  of  the  existing  numerical  solutions. 

On  the  other  hand,  relying  on  the  hypercircle  meth- 
od, it  is  possible  to  fix  the  limits  of  the  exact 
value  by  obtaining  both  an  upper  bound  and  a lower 
bound.  In  this  sense,  the  hypercircle  method  does 
not  give  the  exact  solution  itself. 

However,  if  we  can  make  both  bounds  approach  close- 
ly one  another,  either  the  upper  bound  or  the  lower 
bound  can  be  considered  as  an  approximate  value  of 
the  exact  solution.  Furthermore,  the  nature  of 
such  an  approximate  solution  is  definite,  because 
the  approximate  solution  will  always  be  larger  or 
smaller  than  the  exact  solution,  depending  upon 
whether  the  approximate  solution  is  an  upper  bound 
or  a lower  bound . 

This  fact  is  the  biggest  advantage  that  the  hyper- 
circle method  has  over  most  of  the  other  numerical 
methods . 

This  paper  deals  with  the  effect  of  the  restricted 
waters  on  the  added  mass  of  a "rectangular"  cylin- 
der moving  on  a free  surface  of  a "rectangular" 
channel,  partly  because  the  rectangular  body-form 
is  regarded  as  representative  of  the  main  part  of 
an  actual  ship  hull  and  partly  because  it  is  easy 
to  obtain  the  analytical  representation  for  the 
various  kinds  of  the  scalar  products.  In  princi- 
ple, the  hypercircle  method  is  applicable  for  any 
arbitrary  geometrical  form. 

The  frequency  of  motion  of  the  cylinder  is  either 
zero  or  infinite.  That  is  to  say,  the  former  is 
concerned  with  the  manoeuvring  motion  and  the  lat- 
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ter  is  concerned  with  the  ship's  hull  vibration. 

As  well  known,  in  both  cases,  the  added  mass  of 
the  body  can  be  obtained  by  determining  the  kinetic 
energy  of  the  fluid  surrounding  the  body. 

The  mathematical  background  of  the  hypercircle 
method  is  fully  treated  in  Synge's  textbook  [2], 
but  has  not  been  widely  adopted  by  naval  archi- 
tects. Therefore,  the  author  'dares'  to  describe 
the  mathematical  background  at  the  beginning  of 
the  next  section. 


(II)  associated  vector  space  fi(qj,  q2):  This  is 
a vector  space,  of  which  any  vector  has  two  com- 
ponents, q4  and  q 2 , defined  as  the  first  partial 
derivatives  of  an  arbitrary  function  <)>  which  satis- 
fies the  boundary  condition  4>=f  (s ) on  the  boundary 

r2; 


qi= 


3 

3y 


. q2- 


3<ft 

3z 


(6) 


where  4i=f(s)  on  the  boundary  r2. 


Finally,  it  should  be  pointed  out  that  this  paper 
is  based  on  the  author's  previously  published  pa- 
pers [3],  [4]  and  [5]. 


CALCULATION  OF  THE  SWAY  ADDED  MASS  OF  A RECTANGULAR 
CYLINDER  TRANSLATING  IN  A RECTANGULAR  CHANNEL 


Mathematical  Background  of  the  Hypercircle  Method 

On  the  assumption  that  the  frequency  of  motion  has 
a value  equal  to  either  zero  or  infinity,  the  free 
surface  is  considered  as  a rigid  surface  or  an 
equipotential  surface.  In  these  cases,  the  veloc- 
ity potential  function  is  given  as  a solution  of  a 
boundary  value  problem  formulated  as  follows: 


From  the  definition  of  these  two  spaces,  it  is  self- 
evident  that  the  common  vector,  R=(rj  , r2),  of  two 
spaces  defined  above,  if  obtained,  is  the  exact  so- 
lution of  the  boundary  value  problem  at  hand,  for- 
mulated by  the  equations  (1)  to  (3) . It  is  not  so 
easy  to  obtain  the  common  vector,  or  in  other  words, 
the  exact  solution  of  the  boundary  value  problem. 
Hence,  instead  of  the  exact  solution,  we  shall  ob- 
tain an  approximate  solution  as  follows: 

To  begin  with,  we  introduce  two  homogeneous  vector 
spaces  by  replacing  the  non-homogeneous  boundary 
conditions  on  ^ and  T2  with  the  homogeneous  ones. 

(HI)  homogeneous  complementary  vector  space  n*(p*1, 
p*2):  Two  components,  p^  and  p*2,  of  a vector  be- 
longing to  this  space  satisfy  the  following  equa- 
tions : 


32$ 

ay2" 

+ 0 

3z2 

in  the  fluid  domain  S 

(i) 

3<t> 

3n 

= g(s) 

on  a part  of  the  boun- 
dary r i 

(2) 

* - 

f(s) 

on  the  remaining  part  of 
the  boundary  V2 

(3) 

where  g(s)  and  f(s) 
values  are  fixed  on 

are  known  functions,  whose 
the  boundary  of  the  fluid. 

Now,  we  introduce  two  vector  spaces  as  follows: 


(I)  complementary  vector  space  n(p;,  p2):  This  is 
a vector  space  of  which  any  vector  has  two  com- 
ponents p.  and  p„  defined  by  the  equations  (4)  and 
(5). 

3Pl  3P2 

— — + - — =0  in  the  domain  S (4) 


3P* 1 3P*2 

3Y  +3Z  = 0 

in  the  domain  S 

(7) 

p **1  + p *ii  = 0 

1 3n  23n 

on  the  boundary 

(8) 

In  what  follows,  we  describe  a vector  of  this  space 
as  1^  vector  with  the  variable  subscript  i,  i.e., 
I^=(p*.q  > P*^2^"  Needless  to  say,  two  components, 

p*H  and  p*.^,must  satisfy  the  equations  (7)  and 
(8). 


(IV)  homogeneous  associated  vector  space  ^(q*^ 
q*2):  Two  components,  q*^  and  a vector 

belonging  to  this  space  which  is  denoted  as  J^, 
i.e.,  •ljc=^q*kl’  w^t^1  t*ie  subscript  k be- 
ing varied,  are  defined  as  follows: 


3<()*  3 d>*, 

a*  = K n*  = — 

q kl  3y  ’ q k2  3 z 


(9) 


pl|j-  + p2|~  “ g(s)  on  the  boundary  Ti 


(5) 


where  an  arbitrary  function  should  be  zero  on 
the  boundary  T . 


NOMENCLATURE 


a,  b,  c,  d : 


m 

m 

y 

m 

z 
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size  parameters  of  a rectangular  cylin- 
der and  a rectangular  channel  (see 
Figure  1) 

parameters  to  fix  an  off-center  posi- 
tion of  i cylinder  (see  Figure  5) 
constant  coefficients 

breadth  of  a cylinder 

homogeneous  complementary  vector,  I * 

/_*  .4  \ 1 

associated  vector,  J,= 

(a*  . a*  ) K 

vq  kl’  q k2' 

mass  of  a cylinder  with  the  same  den- 
sity as  that  of  the  surrounding  fluid 
added  mass  in  y-axis 

added  mass  in  z-axis 
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m(m')  t n(n'): 

n : 

P : 

P : 

q : 

q : 

R : 

Rn ' Ru  : 

u : 


integers  to  define  the  subscript  k(i) 
or  i(j)  of  vectors 
unit  inner  normal 
complementary  vector,  p=(p^,  p^) 

a vector  of  complementary  space, 

P-tP-L.  P2) 

associated  vector,  q-^,  q2) 
a vector  of  associated  space,  q-tq^.q^) 

common  vector  of  complementary  space 
and  associated  space,  R“(r^,  r^) 

arbitrary  vectors  of  complementary 
space  and  associated  space  respective- 
ly 

channel  width 


l To  be  continued  to  the  bottom  of  the  next  page.] 
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Then,  we  define  p vector  as  the  linear  combination 

of  p vector  and  I ,'s  vectors  as  follows: 

N l 

p=p  + Za  I (10) 

i=l 

where  p vector  is  an  arbitrary  vector  of  the  n 
space . 

Similarly,  q vector  is  defined  as  follows: 

M 

q=q  + lb  J (11) 

k=lK  K 

where  q vector  is  an  arbitrary  vector  of  the  £! 
space . 

Here,  it  should  be  noted  that  the  coefficients  a^’s 

and  b.'s  are  constant  but  are  still  unknown.  It 
k 

is  obvious  from  the  above-stated  definitions 
that  p and  q belong  to  the  n and  S2  spaces  respec- 
tively. 

Now,  we  introduce  the  so-called  Dirichlet  scalar 
product  into  the  vector  spaces  defined  above.  The 
scalar  product  of  two  vectors,  of  which  each  is 
lying  in  H and  0 spaces  respectively,  tha.t  is  to 
say,  the  scalar  product  of  two  vectors  1^  and 

of  the  n*  and  Si*  spaces  respectively,  is 


(Ii>  V%/(^l«\l+*J*i2‘>*k2)dS 

34,*  34* 

“"(p*iiV  + P*i2-a^ 


)dS  (12) 

are  contin- 


Assuming  that  both  and  P*i2^*k 

uously  differentiable  in  the  domain  S,  we  can 
transform  the  above  surface  integral  into  a line 
integral  along  the  whole  boundary  of  the  domain 
and  another  surface  integral  as  follows: 


<v  v 


-//( 

S 


3p* 


il 


3p* 


i2 


3y 


3a 


)4>VS 


-;r(p*iii  + pii2t  >*VB  =°  (13) 

r i+r2 


This  equation  says  that  two  spaces,  II  and  Si,  are 
orthogonal  to  one  another.  Furthermore,  it  is 
clear  from  the  previous  definitions  that  they  are 
linear  subspaces.  It  is  useful  to  recall  that  two 
orthogonal  linear  subspaces  cannot  intersect  in 
more  than  one  point  [2].  On  the  basis  of  this 
fact,  we  can  obtain  some  important  inequalities 
with  respect  to  the  squared  scalar  product. 


Let  Rjj  and  R,  be  arbitrary  vectors  in  n and  Si 
spaces  respectively,  then 

(Rn-V2-  <Rn-R  )2  + (R  * V2  (14) 


since  the  scalar  product,  (R^-R,  R~Rg)  vanishes 
because  of  the  orthogonality  of  n and  Si  spaces. 

From  the  equation  (14) , we  immediately  obtain  the 
following  inequalities; 

(RirRJ3)2>(Rn-R)2  (15) 

(RirV2^(RsrR>2  (16) 

These  inequalities  imply  that  if  we  want  to  let 
Rj]  or  Rj}  approach  the  exact  solution  R of  our  prob- 
lem, we  have  to  minimize  the  squared  distance 
(Rn-V2. 

Applying  this  minimum  principle  to  the  p and  q vec- 
tors, it  is  possible  to  determine  the  unknown  co- 
efficients a^'s  and  b^'s  so  that  the  p and  q vec- 
tors may  approach  the  exact  solution; 

N M 

(p-q)2=(p-q)2+(£a  I -Eb  J )2 
i-1  1 \=lk  k 
N M 

+2(p-q,  Za  I -Zb  J ) 

1=1  W 

N M 

=(p-q+Za  I )2+(p-q-Zb  J )2-(p-q)2  (17) 

1=1  k=l 

Since  the  last  term  of  the  right-hand  side  has  a 
fixed  value,  it  is  sufficient  to  minimize  the  first 
and  the  second  terms.  Differentiating  partially 
the  first  and  the  second  terms  with  respect  to  the 
unknown  coefficients  a^'s  and  b 's,  and  then 
equating  them  to  zero,  the  conditions  necessary  to 
minimize  these  terms  are  as  follows: 

N 


(p-q+Za  I I )=0 

i=l  1 1 3 

(J-l,  2,  .. 

.,  N) 

(18) 

M 

(-p+q+ZbkJk,  J t)=0 

(W,  2,  .., 

.,  M) 

(19) 

These  equations  infer 

that  we  can 

determine 

the  un- 

known  coefficients  a 's  and  b^'s  independently  on 
one  another  by  solving  the  linear  algebraic  equa- 
tions (18)  and  (19). 

From  now  on,  we  assume  that  the  p and  q vectors 
have  the  coefficients  a ^'s  and  b k's  satisfying 
the  equations  (18)  and  (19) . 

Then, 


(R-p)2=(R-p+p-p)2 

=(R-p)2+(p-p)2+2(R-p,p-p)  (20) 

On  the  other  hand, 

0-(R-q,I1)-(R-P+p-q,I1)-(R-p,I1)  + (p-q,I1) 

= (R-P,11)  (21) 

Therefore,  the  equation  (20)  becomes 


NOMENCLATURE  (Continued  from  Page  2) 


y,  * 


10, 

yil’ 

yi2 

O 

•H 

‘il* 

Zi2 

10’ 

•il* 

“i2 

10’ 

Bil’ 

Bi2 

n 

5 


: coordinate  axes 

: coordinates  of  the  four  corners  R 

and  a grid-point  of  i-th  basic  II* 

unit  (see  Figure  2) 

: constant  coefficients  in  the  lin-  <t> 

ear  representation  of  homogeneous  4,* 

complementary  vector 
: clearance  between  the  channel  4, 

wall  and  the  moving  body 
: distance  between  the  body- 
center  and  the  channel-  u> 

a 

a* 
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center 

: complementary  vector  space 
: homogeneous  complementary  vector 
space 

: velocity  potential  function 
: arbitrary  function  satisfying  4>*=0 
on  the  given  boundary 
: stream  function 

: arbitrary  function  satisfying  *=0 
on  the  given  boundary 
: frequency  of  the  motion 
: associated  vector  space 
: homogeneous  associated  vector  space 
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(R-p)2  = (R-p)2  + (p-p)2  (22) 

Combining  this  equation  with  the  inequality  (15), 
we  obtain 

(p-p)2i(R-P)2i(P"P)2+(P_tl)2  (23) 

Similarly,  we  obtain 

(q-q)2£(R-q)2i(q-q)2  + (p-q)2  (24) 

Furthermore,  if  we  can  select  the  zero-vector  as 
an  arbitrary  p vector,  the  inequality  (23)  becomes 
simplified.  In  this  case,  the  right-hand  side  of 
the  equation  (23)  reduces  to 

p2  + (p-q)2  = (p+q-p)2-2(p,  q-p)=q2  (25) 

Consequently,  we  finally  obtain  the  simple  rela- 
tionship between  the  squared  vectors,  namely, 

R2  , p2  and  q2  ; 

p2^R2<sq2  (26) 

On  the  other  hand,  if  we  can  select  the  zero-vector 
as  an  arbitrary  q vector,  the  inequality  (24)  re- 
duces to 

q2<R2<p2  (27) 

Here,  the  squared  exact  vector,  R2,  of  the  relevant 

problem  is 

R2=//(grad$)2dS  (28) 

S 

Therefore,  the  inequalities  (26)  and  (27)  repre- 
sent both  the  upper  and  the  lower  bounds  of  the 
added  mass  of  a two-dimensional  body  moving  in  a 
restricted  channel,  assuming  that  the  fluid  den- 
sity is  equal  to  1.0. 


The  Added  Mass  of  a Rectangular  Cylinder  Trans- 
lating in  Parallel  to  the  Free  Surface  in  a Rec- 
tangular Channel 


1.  Translation  at  the  Center  of  the  Channel 


For  simplicity,  we  shall  consider  the  added  mass 
of  a rectangular  cylinder  translating  at  unit  ve- 
locity parallel  to  the  free  surface  of  a rectangu- 
lar channel  and  at  the  center  of  the  channel. 


However,  as  shown  in  Figure  1 the  right-half  of 
the  whole  domain  will  be  considered.  That  is  to 
say,  the  rectangle  AGCO  is  the  right-half  of  the 
rectangular  body,  and  the  rectangle  BEDO  is  the 
right-half  of  the  rectangular  channel.  The  boun- 
dary Ti  stands  for  the  free  surface,  which  here 
will  be  treated  as  a rigid  wall. 


The  problem  to  determine  the  velocity  potential 
function  4 for  this  case  is  formulated  as  follows: 


2 2 

— k + — « 0 in  the  fluid  domain  S (29) 

3y2  3z2 


on  the  boundaries  T i ,T 3 (30) 

on  the  boundary  T 2 (31) 

on  the  boundary  Ti,  (32) 


Corresponding  to  this  formulation,  we  can  define 
the  vector  spaces  H,  0,  fl*  and  0*  as  follows: 
(I)  II  space  : p-(pi,P2) 


0 

N 

il, 

il, 

in  S 

(33) 

dy  dz 

p,ii  + P,l£  . 

rO  on  ri,  r3,  r5,  r6 

(34) 

*3n  23n 

ll  on  r2 

(35) 

(II)  q space  : q-(qlt  q2) 


1l" 


3 4> 
ay’ 


_ a $ 

! a 


(36) 


where  $_is  an  arbitrary  function  which  satisfies 
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<t>=0  on  the  boundary 

(m)  n*  space  : Ii=(p*il»  P*i2) 

8p*il  3p*i2 

—±±  + —±^0  in  S 

dy  dz 

i-1,  2,  ... 

(37) 

p*  — ^ — — »n  on  r 1 , r? , 

v il3n  p i23n  U *’  2’ 

r3.  r5>  r6 

(38) 

(IV)  n*  space  : J =(q*  , q*  ) 

3**  3d>**; 

k-1,  2,  ... 

q*kl—  ’ q*k2=~3z_ 

where  is  arbitrary  except  for  the  restriction 
that  (t)*^  must  vanish  on  the  boundary  Tq. 


From  the  above  formulation,  it  is  evident  that  we 
can  select  the  zero-vector,  i.e.,  0=(0,  0)  as  an 
arbitrary  q vector  of  0 space.  Consequently,  in 
this  problem,  a squared  q vector  represents  a lower 
bound  of  the  added  mass  and  a squared  p vector  re- 
presents an  upper  bound. 

First,  we  will  consider  the  upper  bound  of  the  add- 
ed mass.  For  this  purpose,  it  is  necessary  to  de- 
vise the  I^'s  vector  of  H*  space.  When  we  verified 
the  orthogonal  character  of  the  linear  subspaces  n 
and  ft,  we  assumed  the  continuous  differentiability 
of  the  functions  P*^*^  and  P*i2$*k  in  the  whole 
fluid  domain.  However,  we  can  relax  this  restric- 
tion, because  the  orthogonal  character  of  n and  ft 
spaces,  which  is  all  that  we  need  when  constructing 
the  hypercircle  method,  is  satisfied  under  a weaker 
restriction  of  the  continuous  differentiability  (for 
detail,  refer  to  Synge's  textbook  [2],  pp.  1367.137), 
which  here  will  be  called  the  "permissible  disconti- 
nuity". 


Now,  we  devise  the  I 's  vectors  concretely.  To  be- 
gin with,  we  divide  the  whole  fluid  domain  S of 
Figure  1 into  a net  of  rectangular  meshes  as  shown 
in  ?!  jure  1.  Considering  any  four  meshes  which  po- 
ssess one  grid-point  in  common  as  a basic  unit 
(Figure  2),  we  define  the  I,  vector  as  follows:  the 
subscript  i stands  for  the  i-th  grid-point,  and  the 
vector  vanishes  outside  the  i-th  basic  unit  which 
consists  of  four  rectangular  meshes  possessing  the 
i-th  grid-point  in  common.  In  order  to  solve  a 
system  of  linear  algebraic  equations,  for  instance 
the  equation  (18),  we  need  to  know  the  values  of 
the  scalar  products  (p,  1^)  and  (1^,  1^)  in  advance. 

For  this  purpose,  it  is  better  to  define  the  I 's 
vectors  in  as  simple  a form  as  possible  to  easily 
compute  those  scalar  products.  Here,  we  adopt  the 
following  linear  representations; 

P*il=ally+ai2z+ai0  (39) 

P*i2=6ily+6i2Z+BiO  (40> 

where  o^Q,  a^,  ai2,  8iQ,  and  8i2  are  constant 

but  are  not  yet  known. 

Taking  account  of  the  permissible  discontinuity, 
these  constants  are  uniquely  determined.  The  vec- 
tor components  P*^  and  P*^  ”hich  are  defined  be- 


low, are  obtained  by  normalizing  the  equations  (39) 
and  (40)  by  dividing  them  with  the  factor  (y  -y  .) 
(refer  to  Figure  2)  [3]; 


a)  mesh  (T)  p* 

b)  mesh  Q)  p* 

c)  mesh  G>  P* 


y-y 


il 


il 

rH 

•H 

1 

O 

•H 

>7 

p 12 

CM 

•H 

>7 

1 

>7 

il 

M- 

1 

m; 

H* 

O 

P 12' 

~(z~*il) 

y10'yil 

Z'Z11 

yi2-yi0 


(2i0~Zil)(y-yll) 

11  (yi0_yil)(zi0“Zi2) 


(41) 

(42) 
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-(z 


10 


*il)<z-zi2) 


d)  mesh  (?)  p* 


12  (yiO  yil)(ziO_Zi2) 
. (210~2ll)(y-y12) 

11  (yiO_y12) (ziO"zi2) 

_(zi0_zil)(2'zi2) 


(43) 


12 


^y10_y12) (ziO 


where  y1Q,  yu,  y 12>  *±0,  i±1 


12 
and  z 


12 


(44) 

are  the  co- 


ordinates of  the  four  corners  and  the  grid-point  of 
the  i-th  basic  unit. 

Next,  we  select  a p vector  which  is  an  arbitrary 
vector  of  n space  as  follows  ( refer  to  Figure  1) : 


a)  domain  AGFB  p^ 

b)  domain  GHEF  p1 


b-y  - 
— L P 


z 

b-a’  b-a 
c (b-y) 

(b-a)  (c-d)  ’ *'2 


P->= 


c(z-d) 
(b-a) (c-d) 


(45) 

(46) 


(47) 


c)  domain  CDHG  p = — y,  p =0 
1 c-d  1 

where  a,  b,  c and  d are  the  abscissas  or  the  ordi- 
nates of  the  points  A,  B,  Cand  D,  representing  the 
half-width  of  the  body,  the  half-width  of  the  chan- 
nel, the  depth  of  the  body  and  the  depth  of  the 
channel  respectively. 

From  the  above  definitions  of  the  I^'s  vectors,  it 
is  easily  understood  that  most  of  the  scalar  prod- 
ucts (1^,  I.)  (i,  j=l,  2,  ...,  N)  vanish.  For  ex- 
ample, for^the  basic  unit  with  the  subscript  i 
equal  to  10,  are  zero  the  scalar  products  except 

for  (I2,  I10^’  ^3*  ri0^’  ^r4’  I10^’  ^9’  ri0^  ’ 

^10’  I10^’  ^10*  111^’  ^10’  I18^’  ^lQ’  X19^  and 
(IlQ,  Ijq)  • The  non-zero  values  of  the  other  sca- 
lar products  can  be  computed  by  either  of  the  fol- 
lowing formulas  (see  Figure  3). 

a)  in  case  where  the  me3hes  (z)  and  (4)  of  the  i- 
the  basic  unit  overlap  the  meslies  (?)  and  (?)  of 
the  j-th  basic  unit  respectively; 


(zil_zi0)(zil_zi2) 


i’  j 6(ziO-zi2)(yi2"yiO) 

[ (yi2-yi0)2  2(zil-zi0^  ^ziO-zi23  ' ^48) 

b)  in  case  where  the  mesh  of  the  i-th  basic 
unit  overlaps  the  mesh  (?)  of  the  j-th  basic  unit; 

(1i>  V-6^^5  Kyi2-yiO>2+<ziO-zi2>2l  <49) 

c)  in  case  where  the  meshes  (?)  and  (?)  of  the  i- 
th  basic  unit  overlap  the  meslies  (?)  and  (?)  of 
the  j-th  basic  unit  respectively; 


(I,,  I,)- 


(zirzio>(yi2-yu) 


V J 6(yiO-yil)(yi2-yiO) 

^2iO_Zi23  *2^yi0~yil^yi2_yi0^ 

d)  in  case  where  the  mesh  0 of  the  i-th  basic 
unit  overlaps  the  mesh  (?)  of  the  j-th  basic  unit; 

<V  S’"  S&fc>'<,.o-'u>2+<Iio-.2’2i  <51> 


10  ’il' 


e)  the  scalar  product  of  the  i-th  basic  unit  it- 
self ; 

(2irziO)  (ZH~Z12)  (y12~yll) 

1 3(ziO_Zi2)(yiO“yil)(yi2_yiO) 


[ (yi0-yu)  (yi2-yi0)+(zirzi0)  (zio_zi2)  ] 


(52) 


Then,  the  scalar  product  (p,  I.)  is  computed  as  fol- 
lows: If  the  i-th  basic  unit  is  included  entirely 
inside  the  domain  AGFB  or  the  domain  GHEF  or  the  do- 
“aincDHG,  the  scalar  product  (p,  1^)  vanishes, 
being  proved  directly  through  a manipulation  of 
integration.  For  instance,  the  scalar  products, 

(p,  Ij),  (p,  I ) and  (p,  I17)  in  Figure  l_vanish. 
The  non-zero  value  of  the  scalar  product  (p,  1^)  oc- 
curs in  case  where  the  grid-point  is  located  just 
on  the  line  GF  or  GH.  In  case  of  Figure  1,  for 
example,  the  scalar  product  (p,  I.)  provides  a non- 
zero value  for  i-8,  9,  10,  11,  12;  13,  14,  16,  25 
and  34. 

a)  in  case  where  the  grid-point  of  the  i-th  basic 
unit  is  located  on  the  line  GF; 


(P.  Ij)“ 


d{zirzi0)  (yi2-ytl)  <yi0+yii+yi2-3b) 


(53) 


6 (b-a) (c-d) 

b)  in  case  where  the  grid-point  of  the  i-th  basic 
unit  is  located  on  the  line  GH; 

,-  . , -c(zirzio)(zirzi2)(zio+zii+zi2-3d) 

(P-  V 67b-aT(^d) (54) 

From  the  formulas  (48)  to  (54) , we  can  compute  im- 
mediately the  scalar  products  which  are  necessary 
to  solve  a set  of  the  simultaneous  linear  algebraic 
equations  of  the  unknown  coefficients  a^'s,  if 
only  the  geometrical  sizes  of  the  rectangular  body 
and  the  rectangular  channel  are  given.  Once  the  si- 
multaneous equations  (18)  are  solved,  the  upper 
bound  of  the  added  mass  p2  can  be  computed  easily. 

Next,  we  consider  the  lower  bound  of  the  added  mass. 
We  have  devised  the  I^'s  vectors  by  taking  account 
of  the  permissible  discontinuity.  In  fact,  the  com- 
ponent tangential  to  a boundary  between  two  adja- 
cent meshes  is  discontinuous,  while  the  other  com- 
ponent, namely  the  component  normal  to  a boundary  is 
continuous  across  the  boundary.  In  this  circum- 
stance, the  function  must  be  continuous  in  the 
whole  domain  in  order  to  keep  the  orthogonality  of 
H and  SI  spaces.  Needless  to  say,  the  function  <t>*^ 
must  satisfy  the  condition  that  vanishes  on  the 
boundary  r4.  Except  for  these  restrictions,  the 
function  4>*^  may  be  arbitrary.  In  what  follows,  we 
use  a <t>*k  function  defined  as  follows: 

♦ *.  =2bsin  y cos*~t— ■ n,  m=0,  1,  2,  ...  (55) 

k 2b  d 

where  the  subscript  k is  defined  by 

, n(n+l)  . . m(m+3)  . , 

k--*^ — - + n-m  + — ^ — - + 1 


(56) 


The  equation  (56)  infers  that  if  the  integers,  n 
and  m,  are  varied  in  such  a manner  as  shown  in 
Table  1,  the  subscript  k increases  one  by  one. 

From  the  function  <j>*^  of  the  equation  (55),  two  com- 
ponents of  the  vector  are  defined  as  follows: 

/ O—  ■ 1 \ 

(57) 


...  (2n+l)ny  muz 

kl“(2n  1)lTC0S 2b cos_d_ 

^ 2bmir . , (2n+l)iry  . muz 

k2 — d^in  ?b  9in_r 


(58) 


In  order  to  determine  the  coefficients  b ,'s  of  the 

£ 

equation  (11),  we  need  the  numerical  values  of  the 
scalar  products  (J^,  J^)  and  (p,  J„)  for  k,  i-1,  2, 
. . . , M.  The  vector  is  also  devised  in  the  same 
way  as  the  vector  has  been  obtained; 


a 


»2 


;(2n'+l)ucos 


(2n'+l)Tty  m'lrz 
2b  C0S  d 


2bm'ir  , (2n'+l)ity  . m'uz 
7 — sin*— wr — sin— r- 


2b 


(59) 


(60) 
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where  the  subscript  i is  defined  by 


n'(n'+l)  , , m’(m’+3)  . 

£=  2 + n m + 2 + i 


(61) 


Table  1.  Variation  of  the  Subscript  k by  a Syste- 
matic Change  of  the  Integers  n and  m. 


After  manipulation  of  integration,  we  obtain  the 
analytical  formulas  of  the  scalar  products  (J^,  ) 

and  (p,  J f)  for  the  various  cases  of  the  integer  n, 
n',  m and  m',  which  are  tabulated  in  Table  2. 


channel.  The  upper  bounds  shown  in  this  table  were 
obtained  by  dividing  the  whole  fluid  domain  as  fol- 
lows: The  vertical  intervals  between  the  water 
surface  and  the  bottom  of  the  body,  and  between  the 
bottom  of  the  body  and  the  bottom  of  the  channel 
were  divided  into  m^  and  m2  pieces  of  equal  parts 
respectively.  Furthermore,  the  lateral  intervals 
between  the  center  of  the  body  and  the  side  of  the 
body,  and  between  the  side  of  the  body  and  the  wall 
of  the  channel  were  divided  into  n^  and  n2  pieces  of 
equal  parts  respectively. 

For  instance,  in  case  of  Figure  1,  m^=2,  n^=2 

and  n2=8.  The  total  number  of  the  grid-points 
used  at  the  computation  of  which  the  results  are 
shown  in  Table  3,  are  about  190.  However,  in  case 
where  the  fluid  domain  is  narrow,  we  can  consider- 
ably reduce  the  total  number  of  the  grid-points. 

For  instance,  in  case  of  a=2.0,  b=2.2,  c=-2.0  and 
d=-2.2,  the  upper  bound  obtained  by  using  only  18 
grid-points  is  55.96,  compared  with  55.80  in  Table 


Table  2.  The  Scalar  Products  (J^,  J^)  and  (p,  J^)  for  the  Lateral  Translation  of  a Rectangular  Cylinder  at 
the  Center  of  a Channel 


a)  n^n',  m^m'  : 

(2n+l)(2n'+l)bd 


(V  Vs 


1 , (n-n  )Tta  . 1 , (n+n'+Dira 

,sin- vr + . , ,:sin- - — - — 

n-n'  b n+n'+l  b 


1 , (m-m  )uc  . 1 

-^,sin ; + -^.sin 

m-m  d m+m 


(m+m*  )ttc[ 

d J 


mm'b 


' Of 


b)  ni*n',  m=m'i*0  : 


1 , (n-n  ) it a 

— — -,sin r 

n-n  b 


1 , (n+n  +l)tra 

. , . , sin  r 

n+n  +1  b 


sin 


(m-m1  )ttc 


m+m 


-,sin 


(m+m1  )ttc 


<V  V 


(2n+l) (2n'+l)bd 


m2b3 


J^iSin(S=S^ka  + 

n-n  b 


1 , (n+n'+l)^  a 

^HV+iSin  ~~  b 


1 , (n-n')Tta  1 

sin  H rrnsin 

n-n  b n+n  +1 


c ) n^n ' , m=m ' =0  : 

, . , (2n+l)  (2n'+l)bcn 

'■Jk’  r 2 

d)  n=n',  mi*m'  : 

(2n+l) 2bd 


(n+n'+l)iTa 
b 


C7T  1 2m7tc  ] 
J - 2mSin  d~ J 


ctt  1 2rutrc 

T + 2msin  d~J 


— - — r sin(^^a  + 1-  sin^-t^-3 

n-n  b n+n'+l  b J 


<V  Vs 


4 

mm'b3 


att  . 

— + TT-TjSin 

b 2n+l 


(2n+l) 


b 

an  1 . (2n+l)ira 

V 2^isin — “ 


e)  n=n',  m=m'#0  : 

. Un+lWbd  (2n+l)2bd 

Uk’  r "44 


lira  I 1 . (m-m  ) ire  , 1 . (m+m  )ttc  ] 

| [m-m  d m+m'  d J 

1 , (m+m')Ttc"l 

— 7—7 1 sin- -j2 — 

m+m  d J 


1 . (m-m')nc 

-sin 3 

1 d 


an  . 1 . (2n+l)na 

"b~  +2n+lsin  b 


cn  1 2mnc  ~!  m2ir2b3 

J+2^  sin—j~  ~d 


m2b  3 


f ) n=n ' , m=m ' =0 


an  1 , (2n+l)na 

T "2^Tisin  b 


C7T  1 . 2lU7TC 

T ■ 2mSin  d 


(Jk’  V= 


(2n+l)2n2bd  , (2n+l)2nbc  fan  , 1 . (2n+l)na 

2 + 2 "b”  + 2n+lsl  b 


a)  m'^O 

/-  , ^ bd2  , m'nc 

(b-a)  (c-d)m'nS  n d 


„ „ v , (2n'+l)na  , 4b 
-2  (b-a)  sin 2b~  + (2n'+l)nc 


(2n'+l)na  ~1 

3 2b  J 


b)  m'=0 

I 

Jt 


2bcd  , (2n'+l)na  . m'nc  4b2d2  (2n'+l)na  , m'nc 

ra' tT(c-d) sln  2b sln“d--  (2n'+l)m'n5(b-a)  (c-d)COS~2b  sin“d~ 


+ ”7 


. (2n'+l)na 
(p,  Jo)=2bc  sin ^ 


From  those  formulas,  we  can  compute  all  the  scalar 
products  required  to  solve  a system  of  simultane- 
ous algebtaic  equations  (19).  Once  the  unknown 
coefficients  b^'s  are  solved,  the  lower  bound  of 
the  added  mass  q2  can  be  computed  immediately. 

In  Table  3 are  shown  some  numerical  examples  of 
the  upper  and  the  lower  bounds  of  the  sway  added 
mass  of  a rectangular  cylinder  whose  width/draft 
ratio  is  equal  to  2,  translating  at  the  center  of  a 


3. 

On  the  other  hand,  the  lower  bounds  were  obtained 
as  follows:  the  lower  bound  q2  was  calculated  for 
every  value  of  the  parameter  k defined  by  the  equa- 
tion (56).  When  the  difference  between  the  k-th 
lower  bound  and  the  (k+l)-th  lower  bound  became 
small  enough,  the  process  of  increasing  the  para- 
meter k was  stopped,  and  the  (k+l)-th  lower  bound 
was  adopted  as  the  expected  lower  bound.  At  the 
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calculation,  of  which  the  results  are  shown  in 
Table  3,  the  final  value  of  the  parameter  k was  at 
most  80  to  100. 

From  Table  3,  it  can  be  understood  that  the  accu- 
racy of  the  upper  bounds  becomes  less  as  the  fluid 
domain  becomes  larger.  Also,  the  accuracy  of  the 
lower  bounds  becomes  less  with  the  expansion  of  the 
fluid  domain,  although  it  is  not  as  bad  as  the  ac- 
curacy of  the  upper  bounds.  In  the  same  table  are 
also  tabulated  a few  numerical  examples  of  the 


On  the  other  hand,  Lewis  [8]  and  Wendel[9]  computed 
the  vertical  added  mass  of  a rectangular  cylinder 
oscillating  with  infinite  frequency  and  in  the  per-, 
pendicular  direction  to  the  free  surface  of  infinite 
fluid.  This  kind  of  added  mass  can  be  considered 
as  the  sway  added  mass  of  the  cylinder  translating 
horizontally  along  the  free  surface  of  infinite 
fluid,  if  the  roles  of  the  side  wall  and  the  bottom 
surface  of  the  rectangular  cylinder  are  inter- 
changed into  one  another.  According  to  Lewis  and 
Wendel,  the  sway  added  mass  coefficient  of  a rectan- 


Table  3. 

Added  Mass 

Channel 

Coefficients 

my/m  Of 

a Rectangular  Cylinder 

(breadth/draft 

=2)  Moving  in  a Rectangular 

horizontal 

translation 

horizontal  oscillation 

a 

b 

c 

d 

upper  bound 

lower  bound 

lower  bound 

2.0 

2.1 

-2.0 

-2.1 

27.27 

26.68 

A. 191  (A. 095) 

2.2 

-2.2 

13.95 

13. 6A 

(13. 7A)* 

2.133 

2. A 

-2. A 

7.290 

7.203 

1.121 

2.6 

-2.6 

5.085 

A. 920 

0.7985 

3.0 

-3.0 

3.3A2 

3.253 

(3.225) 

0.5613  (0.5513) 

3.6 

-3.6 

2.397 

2.303 

— 

5.0 

-5.0 

1.719 

1.565 

0.38A5  (0.3858) 

7.0 

-7.0 

1.A72 

1.29A 

0.3701 

10.0 

-10.0 

1.A02 

1.152 

0.3512  (0.3620) 

2.0 

2.1 

-2.0 

-3.0 

10.09 

9.580 

2.318  (1.871) 

2.2 

6.370 

6.075 

1.A01 

2. A 

A.AA0 

A.2A8 

0.8955 

2.6 

3.805 

3.675 

0.7128 

3.0 

3.3A2 

3.253 

0.5613 

3.6 

3.160 

3.060 

— 

5.0 

3.105 

2.973 

(2.98) 

0.A209 

7.0 

3.112 

2.935 

0.A102 

10.0 

3.137 

2.895 

(2.95) 

0.A0A6 

2.0 

2.2 

-2.0 

-2.1 

2A.0A 

23. A6 

2.535 

-2.2 

13.95 

13. 6A 

2.133 

-2. A 

9.030 

8.8A5 

1.7A3 

-2.6 

7.A88 

7.233 

1.56A 

-3.0 

6.372 

6.078 

1.A02 

-3.6 

5.870 

5.A10 

— 

-5.0 

5.690 

5.190 

1.273 

-7.0 

5.8A7 

A. 898 

1.250 

• 

• 

-10.0 

6.285 

A.  880 

1.228 

* Number  in  the  parentheses  is  obtained  by  the  finite  element  method. 


sway  added  mass  computed  by  the  finite  element 
method  , which  are  very  close  to  the  lower  bounds 
obtained  by  the  hypercircle  method.  This  matter 
can  be  inferred  from  the  fact  that  the  finite  ele- 
ment method  tends  to  provide  an  approximate  value 
lower  than  the  exact  value  [6],  though  this  is  not 
always  true.  Furthermore,  the  numerical  examples 
listed  in  the  second  and  the  third  groups  of  the 
table  indicate  that  if  the  channel  width  and  the 
water  depth  are  about  five  times  as  large  as  the 
width  and  the  draft  of  a body  respectively,  the 
effects  of  the  restricted  waters  on  the  sway  added 
mass  become  so  small  that  they  can  be  neglected 
from  the  practical  point  of  view  (see  also  Figure 
A).  Considering  the  added  mass  of  two-dimensional 
cylinders  vibrating  on  a free  surface,  a similar 
conclusion  has  been  obtained  by  Matsuura  and  Kawa- 
kami,  who  examined  the  propriety  of  replacing  in- 
finite fluid  domain  with  a finite  fluid  domain 
bounded  by  some  artificial  boundaries  when  comput- 
ing the  added  mass  of  vibrating  cylinders  using 
the  finite  element  method  [7].  Therefore,  we  can 
consider  the  lower  bound  1.152  in  the  last  line  of 
the  first  group  in  Table  3 as  an  approximate  value 
of  the  sway  added  mass  coefficient  of  the  rectan- 
gular cylinder  in  infinite  water. 


gular  cylinder  with  the  width/draft  ratio  being 
equal  to  2,  is  1.186  on  the  assumption  that  the 
density  of  the  cylinder  is'  the  same  as  that  of  sur- 
rounding fluid,  while  the  present  method  provides 
1.152  as  the  lower  bound  of  the  sway  added  mass  co- 
efficient . 

From  these  facts,  we  can  conclude  that  the  lower 
bound  obtained  by  the  present  method  can  be  consid- 
ered as  a good  approximate  value  of  the  added  mass. 
Hence,  in  the  following  sections,  we  shall  compute 
only  the  lower  bounds  and  use  them  to  discuss  the 
effects  of  the  restricted  waters  on  the  added  mass. 


In  Figure  A is  shown  the  sway  added  mass  coeffic- 
ient of  a rectangular  cylihder  which  translates 
horizontally  at  the  center  of  the  various  rectangu- 
lar channels.  The  dotted  lines  drawn  in  this  fig- 
ure represent  Newman's  formula 


(m+niy)jj 

= 1 + Ofcosech  -J(£+^+nW)-62;cosech2-^y^}  x 
n— « H 2 n,1  H 


(m+my) 


Ml 


(62) 
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where  the  subscripts  H and  «°  stand  for  a finite  wa- 
ter depth  H and  infinite  water  depth  respectively 
[10].  The  virtual  mass  (m+my)H  in  a finite  water 
depth  H has  been  computed  by  using  the  numerical 
data  reported  in  Flagg  and  Newman's  paper  [11]. 
Comparing  the  solid  lines  with  the  dotted  lines,  it 
can  be  concluded  that  the  present  method  provides 
larger  values  for  the  wall  effect  on  the  sway  add- 
ed mass  than  the  formula  (62)  does. 

In  particular,  the  difference  between  both  lines  is 
remarkable  in  relatively  deeper  water.  For  in- 
stance, in  case  where  the  water-depth/draft  ratio 
and  the  channel-width/body-width  ratio  are  1.50 
and  1.05  respectively,  the  sway  added  mass  coeffic- 
ient obtained  by  the  present  method  is  9.43,  where 
formula  (62)  gives  a value  of  3.66. 

On  the  other  hand,  in  relatively  wider  channels, 
the  present  method  gives  a smaller  added  mass  value 
than  formula  (62). 

At  any  rate,  it  can  be  concluded  that  the  wall  ef- 
fects or  the  finite  width  effects  on  the  sway  add- 
ed mass  are  remarkably  small  except  for  extremely 
narrow  channels.  Therefore,  it  is  anticipated  that 
the  wall  effect  on  the  sway  added  mass  of  a body 
translating  at  an  off-center  position  of  a channel 
will  be  also  small  except  for  an  extreme  deviation 
from  the  centre  of  the  channel. 


3p* 


il 


3p* 


3y 


3 z - 

(IV)  0*  space  : Jk“(q*kl>  q*k2>  k-1,  2,  ... 

q*  « iA  q*  „ iA 

q kl  3y  * q k2  3z 

where  t|**k  vanishes  on  the  boundaries  ( 4«  1,  2, 

....  8). 


on  Ti  , T5,  Tg,  r7  , Ts 

(7  3) 

on  r£  » Ti* 

(7  4) 

on  T3 

(75) 

: V^il’  p*i2)  1-1  • 2<  •• 

• 

i2 

— - 0 in  S 

(76) 

In  this  problem,  it  is  possible  to  choose  the  zero- 
vector  as  an  arbitrary  vector  of  n space,  that  is 
to  say,  p=0=(0,0).  Consequently,  the  added  mass 
can  be  evaluated  by  the  inequality  (26).  However, 
as  stated  in  the  preceding  section,  only  the  low- 
er bounds  will  be  calculated  and  used  as  the  ap- 
proximate values  of  the  sway  added  mass  for  dis- 
cussion of  the  effect  of  the  restricted  waters  on 
the  added  mass.  Hence,  it  is  sufficient  to  con- 
sider the  q vector  and  the  I^'s  vectors. 


First  of  all,  we  introduce  q vector  of  SI  space 
as  follows: 


2.  Translation  at  the  Off-Center  Position  of  the 

a) 

domain 

ABIH : 

z y-b 

ql=arb  ’ ViJ-b 

(77) 

Channel 

In  this  case,  we  have  to  take  the  whole 
main  into  consideration  (see  Figure  5). 
lem  is  formulated  as  follows: 

fluid  do- 
This  prob- 

b) 

domain 

BJGI : 

c(z-d) 

ql  (a^b) (c-d) 

- c(y-b) 

q2  (a^-b) (c-d) 

(78) 

32$  32<)> 

— - + — - » 0 in  the  fluid  domain  S 

3y2  3z2 

(63) 

c) 

domain 

BCKJ : 

ql=0’  q2=  A 

(79) 

r 0 on  the  boundaries  Tj , I 

il.  r6,  r7,  re 

3n  1 on  the  boundary  r2 

(.  -1  on  the  boundary  I\ 

3.  r5, 

(64) 

(65) 

(66) 

d) 

domain 

CLFK: 

c(z-d) 

ql  (a2+b)(c-d) 
c(y+b) 

q2  (a2+b) (c-d) 

(80) 

This  is  the  so-called  Neumann  boundary  value  prob- 
lem. However,  it  is  convenient  to  convert  this 
problem  into  an  equivalent  Dirichlet  problem. 
Substituting  the  velocity  potential  function  <f>  with 
the  stream  function  4,  the  equivalent  Dirichlet 
problem  is  described  as  follows: 


a2*  + 32*  _ 0 

in 

s 

3y2  + 3z2 

.(° 

on 

fl. 

r5 

* * ) z 

on 

r2. 

p4 

lc 

on 

r3 

(67) 


(68) 

(69) 

(70) 


Since  the  kinetic  energy  of  the  fluid  is  still  ex- 
pressed by  the  equation  (28),  in  which  the  velocity 
potential  function  q>  should  be  replaced  by  the 
stream  function  4,  the  inequalities  (23),  (24),  (26) 
and  (27)  provide  the  upper  and  the  lower  bounds  of 
the  sway  added  mass.  Similarly  to  the  preced- 
ing section,  we  can  define  n,  0,  n*  and  Q * spaces 
as  follows: 

(I)  n space  : p-(p1>  p2) 


3p.  9p« 

- - + t — - 0 in  S 

(71) 

3y  3z 

(II)  SI  space  : q-(qlf  q2) 

3iJ/  3i|/ 

ql"  37’  q2*  3z 

(72) 

e)  domain  CDEL:  ^ * q2=  ijfb  (81) 

It  must  be  noted  that  two  components,  q^  and  q2> 
of  q vector  defined  above  are  not  always  conti- 
nuous across  the  boundary  between  two  adjacent  do- 
mains. However,  this  discontinuity  is  permissible 
because  of  the  permissible  discontinuity  which  in- 
fers that  there  may  exist  discontinuity  in  the 
normal  derivative  341  /3 n across  any  curve  drawn  in 
the  domain  S,  if  4/  function  satisfying  the  condi- 
tions (73)  to  (75)  is  continuous  in  the  domain  S 
[2].  Taking  account  of  this  permissible  discon- 
tinuity, we  have  defined  the  above-stated  q vector 
as  the  first  partial  derivatives  of  4 functions 
which  are  continuous  in  the  whole  fluid  domain  S; 


a) 

domain 

ABIH: 

z(y-b) 

- y-  h 

arb 

(82) 

b) 

domain 

BJGI: 

,.c(y-b)(z-d) 

(arb)(c-d) 

(83) 

c) 

domain 

BCKJ: 

_c(zrd) 
v c-d 

(84) 

d) 

domain 

CLFK: 

cJy+blXz^ 

* (a2+b)(c-d) 

(85) 

e) 

domain 

CDEL: 

z_(y+b]_ 

V a.+b 

(86) 

® IMechE  1977 


662 


VII.  29 


Next,  we  shall  devise  the  I^'s  vectors  satisfying 
the  equation  (76),  which  must  be  continuous  in  the 
whole  domain  S because  the  permissible  disconti- 
nuity is  already  used  to  devise  q vector.  Here,  we 
use  the  I^'s  vectors  defined  as  follows: 


il 


. nrrz  mTt(y+b) 
■ n sin  - - cos  — — - 
d ZD 


(87) 


md  miz  mr(y+b)  /QON 

p*i2'  ~Tbroa~d'sinx;  (88) 

where  the  subscript  i is  determined  through  the 
next  relationship  in  terms  of  the  integers  n and 
m; 


, ,n(n+l) 
2 


+ nm  + 


m(m+3) 

2 


n,  m =0,  1,  2 . . . (89) 


The  integers  n and  m are  varied  in  the  same  way  as 
the  subscript  k defined  by  the  equation  (56)  is 
increased  one  by  one.  However,  it  must  be  noted 
that  in  the  present  case,  the  integers  n and  m do 
not  become  zero  at  the  same  time.  When  it  is  nec- 
essary to  distinguish  between  vector  and  I vec- 
tor, the  subscript  j of  the  I vector  is  ex-' 
pressed  by  an  equation  similar'to  the  equation  (89) . 
Namely, 

j-— (n-|^  + n'm.  + S*  K±-3)  n',  m’-0,l,2,...  (90) 


The  scalar  products  (q,  I, ) and  (I  , I J 
are  necessary  to  compute  the  lower  bound-' 
be  easily  obtained  by  the  formulas  tabulated  in 


which 
j2 , can 


Table  4.  For  the  sake  of  convenience,  the  scalar 
product  (I.,  Ij)  is  split  into  two  parts,  and 
S2,  defined  as  follows: 


(If  V " S1  + S2 


b 0 a,  0 

u-n 

-b  d a2  Ci 


, i#  (y+b)  m'ff  (y+b) 
nn'  cos — 2b  cos 2b — 


. iittz  . n nz.  , 
sin  — sin  — 3-  dydz 
a a 


(91) 


V 


b 0 a,  0 

ib  [ -J  I, 


mmM2sinI5^±L) sin”-^^  x 

4b^  Zb 


nirz  n'TT z . , .... 

cos -j-  cos — j-dydz  (92) 

As  numerical  examples  of  computation,  the  sway  add- 
ed mass  of  a rectangular  cylinder  (width/draft-2) 
which  translates  horizontally  at  the  various  off- 
center  positions  are  shown  in  Figure  6 in  two  cases 
where  the  channel  width  is  1.5  and  2.5  times  as 
wide  as  the  breadth  of  the  rectangular  cylinder. 

In  this  figure,  Newman's  formula  (62)  is  also  drawn 
with  dotted  lines  for  the  sake  of  comparison.  As 


Table  4.  The  Scalar  Products  (q,  1^)  and  (1^,  1^) 


for  the  Off-Center  Translation  of  a Rectangular  Cylinder 


a)  n j*  0,  m jl  0: 

.—  _ , d2  , n„c  f m(al+b)  ^(a2+b) 

(q,  I±)  - — 2-sin-—  |cos— cos 


2b 


b)  n + 0,  m = 0: 
(q,  1±)  - 0 

c)  n = 0,  m 0: 
(9.  X,)  * £ 


mn(a^+b)  mit(a2+b) 


2b 


2b 


a)  n j*  n' , m i m'  ; 
_ n n'  bd 


"1  2*2 
' 1 


— , sin  -n~” ' — ^ — 1 slnfeiaJjig 

n-n  d n+n  ,j 


(m+m' )ir(a.+b)  (m+m' )n  (a_+b)  1 (m-m' )n(a1+b)  (m-m'  )r  (a,+b) 

m+m1"fein 2d sln 2b } + { sin 2b sln 2b } 


S.  - 


m m'd3 

' 1 

87i2b 

n+n'1 

f 1 , (m' 

^ Lin 

i pin 
m-m  r 

n' , m 

* m* 

n n'd  | 

' i 

4ir  | 

n-nf* 

< 

midi  [ 

1 

16nb2' 

n+n’1 

' , m-m 

’-0  : 

(m-m’)it(a  +b)  (m-m')r(a.+b)  ^ (m+m')ir(a.+b)  (m+ra')Tr(a_+b) 

- sin ^ } - — t {sin sr - sin 


2b 


2b 


2b 


2b 


■ nn'd f_L_  sln(n=aIi!Lc  . JL  0in(n'fT1')T,c] 

1 4ir  n-n’8  n d n+n'sin  d J 


- mn(a.+b)  mir(a.+b)  > 

al  " a2  +ST  {8ln b 8ln b~  ] 


m n(a.+b)  mir(a,+b)  -i 

W ^{9in b 8l" — } 
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nn'  (a1~a2)d 


2" 


— ,sln(n-n'^C  - — .sln(-5j?-),,c' 
n-n*  d 


“,sin- 
n-fn  d 


s2  = o 


d)  n=n')*0,  m^m'  : 


S - — 
S1  2 IT 


d . 2nnc 
C “ 2nifSin  d 


! (nr+m'  )tt  (a^+b)  (nrtm'  )ir  (a2+b) 

ZT— t sin ^ - sin ^ } 


2b 


2b 

. (m-m')ir(a  +b)  (m-m*  )tt  (a.+b) 

+ ^ - sin ^ } 


2b 


2b 


d2 


8nb 


d . 2mrc 
c + jr—  sin — — 
2nir  d 


. (m-m')ir(a.|+b)  (m-m'  )tt  (a.+b) 

“ZV  tsln Jb ” sin > 


2b 

, (nrHn')ir(a  +b)  (nrtin' )tt  (a_+b)  -i 

7 (sin— sln ^ >1 


m+m 


2b 


e)  n=n'^0,  m=m'#U  : 

n2bd  n2 
bl  " 2 + 4 


d . 2mrc 
c - ^sin“d~ 


, nm(a  +b)  mTr(a.+b)  -j 

a.  - a,  + — {sin r - sin r } 

1 2 mu  b b 


m2d3  m2d2 


8b 


16b2 


d . 2mrc 
c + T5 — sin— r 
2nir  d 


a.  - a,  — {sin  1 

1 2 mit 


mir  (a  +b)  mi  (a  +b) 


- sin  - 


■} 


f)  n^'^O,  m=m'=0  : 

n2 (Sj-Sj) 


- - n2bd  + 2 


d 2nirc 
c - ~ — sin  — t 
2mr  d 


s2  = ° 

g)  n»n'”0,  nn*m'  : 
S1  - 0 


mm'  cd2 


”2  4Ttb 
h)  n*n'=0,  m-m'j*0  : 


1 (m-m')TT(a1+b)  (m-m' )tt  (a2+b)  . 

- ~f  { sin sin } - — — T(sin tjt 

m-m  zb  zb  m+m  2b 


(m+m'  )tt  (a.+-b)  (m+m*  )tt  (a0+b)  > 

sin 2b  > 


sl  = ° 


m2d3  m2cd2 
2“  4b  8b2 


. mTr(a.+b)  mTr(a  +b)  -i 

al  ‘ a2  - ^ {8ln— b 8ln— b } 


has  been  anticipated  from  the  numerical  examples 
which  are  obtained  in  the  previous  section,  the 
lateral  position  of  a cylinder  in  a channel  does 
not  greatly  affect  the  sway  added  mass  except  for 
the  case  of  extreme  deviation  of  the  body  from  the 
center  of  the  channel. 


ADDED  MASS  OF  A RECTANGULAR  CYLINDER  OSCILLATING 
HORIZONTALLY  AND  VERTICALLY  IN  A RECTANGULAR  CHAN- 
NEL 


Mathematical  Formulation 

In  this  section,  we  consider  the  added  mass  of  a 
rectangular  cylinder  oscillating  at  infinite  fre- 
quency and  parallel  to  a free  surface,  that  is  to 
say,  l[  and  Ps.  or  in  the  perpendicular  direction 
(see  Figure  5).  In  what  follows,  the  oscillation 
in  parallel  to  the  free  surface  will  be  called  the 
horizontal  oscillation,  with  the  other  one  called 
the  vertical  oscillation.  In  case  of  infinite 
frequency,  as  well  known,  the  free  surface  can  be 
considered  as  an  equipo.'ential  surface  ♦•0. 
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The  difference  between  the  horizontal  and  the  ver- 
tical oscillations  is  only  the  boundary  condition 
on  the  body  surface.  Therefore,  these  two  problems 
can  be  described  simultaneously. 


I)  horizontal  oscillation 


+ !!♦-(> 

in 

the  fluid  domain  S 

(93) 

** 

3z2 

r 0 

on 

the  boundaries  r3,  r6,  r7. 

r8 

(94) 

o (p 

On 

i 

on 

the  boundary  r2 

(95) 

!-i 

on 

the  boundary  T4 

(96) 

♦ - 0 

on 

the  boundaries  r3  r 5 

(97) 

[)  vertical  oscillation 

a2* 

3 2 <p 

I?"  + 

• r— “ 0 
3zz 

in 

S 

(98) 

.. 

1° 

on 

r2,  r„,  r6f  r7>  r8 

(99) 

9n  ( 

[i 

on 

r3 

(100) 
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♦-  o on  r ! , r5  (ioi) 

From  the  above  formulation,  it  is  evident  that  as 
an  arbitrary  q vector  of  0 space,  we  can  select 
the  zero  vector,  namely,  q=0*(0,  0)  and  that  homo- 
geneous associated  spaces  are  the  same  for  both 
cases  of  the  horizontal  and  the  vertical  oscilla- 
tions. Therefore,  the  added  mass  can  be  evaluated 
by  the  inequality  (27),  and  moreover  it  is  possible 
to  use  the  same  Jk's  vectors  for  the  vectors  of  SI* 
space  for  both  oscillations.  We  decide  to  use 
what  is  defined  by  the  equation  (102)  as  an  arbi- 
trary function  <t>*k  which  must  satisfy  the  bound- 
ary condition  4>*k=0  on  the  boundaries  Fj  and  r 5 : 

<p*k=2bcos  — ^ — - sin  — ^ — — (102) 

where  the  subscript  k is 

, n(n+l)  . , m(m+3)  . , „ 

k=  — 2 + n m + — 2 + 1 n , m=0 , 1 , 2 , ... 

From  this  definition  of  4>*k,  the  Jk  vector  can  be 
immediately  defined  as  follows: 

q*kl=  -mu  s in^  ^ s in  — ^ ” Z (103) 

q\2J^^bc°sm-1^)cos^si^z  u<>4) 

When  it  is  necessary  to  distinguish  between  Jk  vec- 
tor and  vector,  vector  will  be  defined  by 
substituting  the  integers  n and  m of  the  above  defi- 
nitions (103)  and  (104)  with  the  integers  n'  and  m'. 

On  the  other  hand,  the  complementary  space  II  is 
different  according  to  the  direction  of  oscillation. 
I)  complementary  space  for  the  horizontal  oscil- 
lation 

gP-i  gPo 

IT  + ' 0 in  S <105> 


3y  . 3z 
P13n  + P23ri  = 


0 on  Tj,  r6,  r7,  r8 

1 on 

-1  on  rk 


II)  complementary  space  for  the  vertical  oscillation 


+ . 0 

3y  3z  U 

Pi^Z  . P,3z  _ 
3n  3n 


0 on  f2,  rk,  r6,  r7,  fg 


3n  3n  | 1 on_F3  (111) 

Thus,  as  an  arbitrary  p vector,  two  different  vec- 
tors are  defined  by  taking  account  of  the  permis- 
sible discontinuity: 

I)  p vector  for  the  horizontal  oscillation 


a)  domain  ABIH 


b)  domain  CDEL 


- b-y  - z-c 
Pi=iT"t~  > Po'STT" 

1 b-a^  L b-a^ 

- 'y+b  - c-z 

pl=a2+b’  P2=a2+b 


c)  other  domains  : P^=0,  j>2=0 
II)  p vector  for  the  vertical  oscillation 
- - al~a2 

a)  domain  ABIH  : p =0,  p.^.577- ; 


b)  domain  BJGI 


c)  domain  BCKJ 


d)  domain  CLFK 


F2  2(b-a  ) 
-(aj^-32)  (y-bl 
Pl“  2(c-d)(b-3l) 
(a1-a,)(z-d) 
p2“  2(c-dj(b-ai) 

_ 2y-ai-a2  _ d_z 
P1  2(c-d)  ’ p2~c-d 

-(a^-a2) (y+b) 

Pl”  _2(c-d)(b+a2) 
(a1-a2)(z-d) 

P2=  2(c-d)(b+a2) 


Table  5.  The  Scalar  Product  (J^,  ) for  the  Horizontal  and  the  Vertical  Oscillations  at  Off-Center  Po- 

sitions 


a)  ni*n',  tubin'  : 


<V  V 


mm  bd  f 1 . (n-n  )tic  . 1 , (n+n 

2 n-n  d n+n  +1 

1 (m-m'  )ti  (a.,  -b)  (m-m'  )ir (a2~b) 

— , (sin sin 57; >- 


( 2n+l ) ( 2n ' +1 ) b3 
2d 


1 

n-n  * 


. . (n-n')irc  1 (n+n'+l)itc 

sin  « — . 1 , . sin  , 

d n+n  +1  d 


n'+l)rcl 

d J 

d (m+m')Tt(a1-b)  (m+m' )if (a2~b)  ' 

t— {sin «r - sin zr ) 

m+m'  2b  2b 

, (n+n'+l)nc 

+1  1 d X 

/ 


(m-m' )w (a^-b)  (m-m' )ir  ^-b)  ^ (m+m' )n (a^-b)  (m+m' )ir  ^-b)  ' 

{sin 2b ’ sin 2b } + {8ln 2b sln 2b  } 


b)  ni*n',  m=m'i*0  : 


<Jk'  V 


* , (m-m  ) 

— . (sin r 

m— m z 

m'^O  : 

m2itd  1 

4 n-n ' 


, (n-n')Tfc  . 1 . (n+n'+l)wc 

sin* — + , sin  - — - — 

d n+p  +1  d 


(2n+l)  (2n'+l)Tib2  f 1 (n-n')nc 
4d  I n-n*  d 

mu(a  -b)  m7r(a.-b)  -i 

a -a.+  — {sin - - sin r ) 

1 L mn  b b 


(n-n'  )ttc 


1 , (n+n' 

n+n'+lsin  d 


> r mir^-b)  m^(a2-b)  ■ 

a, -a, {sin - sin } 

1 2 ran  b b 

,n(n+ti'+l)ncl  x 
d 


c)  m*n',  m=m'=0  : 


<V  V 


(2n+l)(2n'+l)nb2(a1-a2)r  . 


Cn-nf  )ttc  1 . (n+n'+l^cl 


+ n+rTr+l8ln 
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d)  n-n' , m)*m'  : 

(V  V - - “r* 


. c + <L_  sln(2n-t-l^_c 

c + (2n+l)irsln  d x 


(m-m')n(a  -b)  (m-m')"  (a,-b)  . (m+m')Tr(a  -b)  (m+-m')iT(a2-b) 

i_  {8ln . sln . ^.(ain - sin  % > 


(2n+l)2*b3 

2d2 


2b 
- c - 


d . (2n+l)*c  1 

(2n+iTw8ln ' d “J 


' . (m-m')r(a.-b)  (m-m’ ) n(a2~b)  . 

1 ^sin aw _ sin 57- } + — , — r ( 

m-m  2b  2b  m+m 


(m+m' )r (a, -b)  (m+m' )n (a,-b)  1 


sin- 


2b 


- sin- 


2b 


•} 


e)  n-n',  m-m  VO 


(Jk,  J*) 


m2ir2bd  m2n2 


d . (2n+l)itc 
* c +T2^8ln — d~ 


mu  (a.  -b)  mTT(a--b)  -i 

ara2'^feln — b — 8in — r~} 


_12nil^ 


2tr2b3  (2n+l)2ir2  b2 

^d2 


(2n+l)" 


(2n+l)nc | 


sin^-g- 


mi:  (a.-b)  mir  (a_-b)  -i 

VVmT  *ln b - 8ln b } 


f)  n-n',  m-m'-O  : 


(J, 


_ , (2n+l)2ir2  b3  (2n+1)2l,2b2(ara2)  f _d 

k*  V ’ _ d W L"  c “ (2n+ 


( 2n+l ) it 


sin 


(2n+l)7ic 


- al'a2 

e)  domain  CDEL  : Pj-0,  P2~2(b4-a~)  (H9) 

From  the  above  definitions  of  and  vectors, 
we  can  get  the  analytical  expressions  of  the  sca- 
lar product  (J.  , J^),  which  are  shown  in  Table  5. 
On  the  other  hand,  the  scalar  product  (p,  Jk)  is 
different  for  the  horizontal  and  vertical  oscil- 
lations . 

I)  horizontal  oscillation 


,-  _ . Abd 

(P’  V”(2n+1)" 


1 - 


mTr(a^-b) 
s— 2b~ 


(2n+12l_?' 
08  2d 

m"(a2-b) 

8 2b 


II)  vertical  oscillation 
a)  m^O, 

Ab2  . (2n+l)"c  „ 

(p  • V*  -mTaln  2d  * 


(120) 


miKa^-b)  mir(a2-b) 

sin Sr - sin 


2b 


2b 


(121) 


b)  m-0. 


(p,  Jk)-  -2b(a1-a2)sin(^^-C 


(122) 


Using_these  formulas,  the  scalar  products  (J^,  J^) 
and  (p,  J,  ) necessary  to  solve  the  unknown  bk's 
are  determined  immediately,  if  the  geometrical 
sizes  of  a rectangular  cylinder  and  a rectangular 
channel  are  designated. 


Numerical  Examples 

The  vertical  oscillation  (“«")  at  the  center  of  a 
rectangular  channel  is  equivalent  to  the  horizon- 
tal translation  (w-0)  at  the  center  of  the  chan- 
nel, if  the  roles  of  the  channel-bottom  and  the 
channel-wall  are  interchanged  with  one  another. 
Hence,  the  added  mass  coefficients  for  the  hori- 
zontal translation  shown  in  Table  3,  can  be  regard- 
ed as  those  for  the  vertical  oscillation.  Also, 


in  the  same  table,  are  tabulated  the  added  mass 
coefficients  for  the  horizontal  oscillation  at  the 
center  of  a channel.  Here,  it  must  be  noted  that 
those  numerical  values  are  computed  not  by  us- 
ing the  p and  Jk  vectors  stated  above,  but  by  only 
considering  half  of  the  fluid  domain  because  of 
symmetry  of  the  fluid  motion  with  respect  to  the 
center  of  the  total  domain.  That  is  to  say,  the 
boundary  conditions  (9A) , (95),  (96)  and  (97)  are 
replaced  by  the  following  conditions  (see  Figure  1)  : 


$-0 


on  r3,  r5,  r6 

on  r 

2 

on  rlf  r4 


(123) 

(12A) 

(125) 


The  J 's  vectors  and  p vector  are  devised  as  fol- 
lows : 


J,  vectors: 

.X 


...  (2n+l)ity  . (2nri-l)itz 
q*kl“  (2n+l)ircos 2fa  J sin ^ 

(2nH-l)Trb  . (2n+l)"y  (2nrt-l)"z 
q*,.,-3 T2—  sin ^cos^ jd 


k2 


2b 


where  the  subscript  k is  defined  by 

k_n(n+l)-^n  m n,  m_o,  it  2,  ... 


(126) 

(127) 


p vector: 

a)  domain  AGFB  : p, (128) 

1 b-a  L b-a 

b)  other  domain  : p^-0,  p2”0  (129) 

The  analytical  formulas  of  the  scalar  products, 

(Jk,  J ) and  (p,  J.),  are  obtained  easily,  and  they 
are  summarized  In  Table  6. 

Besides  the  numerical  examples  obtained  by  the  pres- 
ent method,  a few  numerical  values  of  the  added  mass 
obtained  by  the  finite  element  method  shown  in  pa- 
rentheses are  also  included  in  Table  3. 

In  the  first  group  of  the  numerical  examples,  the 
added  mass  coefficients  obtained  by  the  present 
method  and  by  the  finite  element  method  agree  well 


© IM«chE  1977 


666 


VII.  33 


Table  6.  The  Scalar  Products  (J^,  J£ ) and  (p,  J^)  for  the  Horizontal  Oscillation  at  the  Center  of  a Channel 


a)  nj<n' , nuhn' 


(Ju 


(2m+l)  (2m'+l)b~ 
4d 


J^i8ln(SrS^L>  _ 1 sinCj'U'^i 

i-n?  b n+n  +1  b 


n-m  d m+m  +1  d 


b)  n^n*,  m-m*  : 


(2n+l)  (2n|+ljbd  1 ] f-  IS.  + 1 ln(J2±I2^ 
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with  each  other.  However,  for  the  cases  where  the 
fluid  domain  is  extremely  narrow,  for  example  the 
first  case  of  the  second  group,  the  finite  element 
method  tends  to  provide  a remarkably  smaller  value 
than  the  present  method,  although  the  total  number 
of  the  nodal  points  was  increased  in  order  to  im- 
prove the  accuracy  of  the  finite  element  method. 
Therefore,  this  discrepancy  between  the  numerical 
values  which  are  obtained  by  the  present  method 
and  by  the  finite  element  method,  for  example,  in 
case  of  a-2.0,  b=-2.1, C--2.0  and  d--3.0  means  that 
the  present  method  is  better  as  far  as  this  case 
is  concerned,  because  the  exact  value  must  be 
greater  than  that  obtained  by  the  present  method. 

With  respect  to  the  effect  of  the  restricted  wa- 
ters on  the  added  mass  of  rectangular  cylinders 
oscillating  in  a free  surface,  Matsuura  and  Kawa- 
kami  have  published  a paper  on  the  basis  of  the 
numerical  calculations  by  the  finite  element  meth- 
od [7]. 

Hence,  in  the  remaining  part  of  this  section,  the 
effect  of  a single-wall  on  the  added  mass  of  a 
rectangular  cylinder  oscillating  near  the  wall 
will  be  discussed  on  the  basis  of  the  numerical 
values  obtained  by  the  present  method. 

For  this  purpose,  it  is  necessary  to  place  another 
wall  on  the  opposite  side  of  the  cylinder  as  well 
as  adequately  far  from  the  cylinder  in  order  to 
substitute  a finite  domain  of  the  fluid  for  the  in- 
finite fluid.  To  decide  where  the  additional  wall 
should  be  placed,  the  added  mass  was  computed  for 
the  various  distances  between  the  cylinder  and  this 
additional  wall.  As  a result,  it  was  clarified 
that  the  additional  wall  which  was  placed  at  the 
distance  of  five  times  of  the  half-breadth  of  a 
cylinder,  did  not  affect  the  added  mass  from  the 
practical  point  of  view. 

The  numerical  examples  representing  the  effect  of 
a single-wall  on  the  added  mass  of  a rectangular 
cylinder  (breadth/draft-2)  are  shown  in  Figures 


7 and  8,  in  which  the  former  is  for  the  horizontal 
oscillation  and  the  latter  is  for  the  vertical  os- 
cillation. In  both  figures,  the  experimental  data 
by  Koch  in  shallow  water  (exactly  speaking,  the 
clearance /body ' s breadth  ratio,  q/B,  is  equal  to  7) 
are  plotted  for  the  sake  of  comparison  [12).  In 
each  case,  the  numerical  values  obtained  by  Koch 
are  larger  than  those  by  the  present  method.  How- 
ever, it  was  also  pointed  out  by  Wendel  [9]  and 
Matsuura  and  Kawakami  [7]  that  the  experimental 
data  by  Koch  are  larger  than  their  numerical  val- 
ues. Therefore,  the  discrepancy  between  Koch's  data 
and  the  numerical  values  by  the  present  method  does 
not  imply  that  the  accuracy  of  the  present  method 
is  poor.  In  Figure  8 are  drawn  the  curves  repre- 
senting the  single-wall  effect  for  a semi-submerged 
circular  cylinder,  which  are  quoted  from  the  paper 
of  Yoshiki  and  others  [13].  The  large  discrepancy 
between  the  results  by  the  present  method  and  by 
Yoshiki  and  others  is  partly  because  of  the  differ- 
ence between  the  geometrical  forms  of  the  oscillat- 
ing body  and  partly  because  of  inaccuracy  of 
Yoshiki  and  others'  approximate  analysis  in  case 
of  a small  clearance  between  the  body  and  the  side- 
wall  of  the  waterway. 

Comparing  the  results  by  the  present  method,  which 
are  shown  in  Figures  7 and  8,  with  each  other,  it 
is  possible  to  say  that  in  case  of  the  horizontal 
oscillation,  the  clearance  between  the  cylinder  and 
the  wall  has  the  primary  effect  on  the  added  mass, 
while  the  added  mass  of  the  vertical  oscillation  is 
affected  to  almost  the  same  extent  by  the  wall 
clearance  and  by  the  bottom  clearance.  Further- 
more, the  value  of  the  added  mass  coefficient  may 
become  larger  in  the  vertical  oscillation  than  in 
the  horizontal  oscillation. 
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Fig.  1 : Division  of  the  fluid  domain  bounded  by  a 
rectangular  cylinder  and  a rectangular 
channel  into  a net  of  rectangular  meshes. 
Note:  only  the  right-half  of  the  whole 
domain  is  shown. 


Fig.  2:  Basic  unit  consisting  of  four  rectangular 
meshes  which  possess  the  i-th  grid-point 
in  common. 
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c) 


d) 


Canonical  configuration  of  two  basic  units  which  provides  the  non-zero  value  of  the  scalar  product 
(I..  Ij). 


Fig.  4:  Added  mass  coefficient  of  a rectangular 
cylinder  (breadth/draft  = 2)  translating 
horizontally  at  the  center  of  a rectangular 
channel. 


Fig.  S:  Coordinate  system  for  describing  an  off- 
center  translation  of  a rectangular  cylinder. 
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d/C  = 1.05 


by  the  present  method 
by  Newman's  formula  (62) 


d/C=1.10 


d/c=1.50 


Added  mass  coefficient  of  a rectangular 
cylinder  (breadth/draft  = 2)  translating  at 
the  various  off-center  positions  of  a rec- 
tangular channel. 


by  J.J.  Koch 


rectangular  cylinder 
by  the  present  method 

circular  cylinder 
by  Yoshiki  et  al. 

( r=  rad  i us) 


by  J.J.Koch 

( to-  7) 
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Fig.  7: 

Single-wall  effect  on  the  added  mass 
rectangular  cylinder  (breadth/draft  = 
the  horizontal  oscillation. 

of  a Fig.  8: 

2)  in 

Single-wall  effect  on  the  added  mass  of  a 
rectangular  cylinder  (breadth/draft  = 2)  in 
the  vertical  oscillation. 
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ABSTRACT 

Mathematical  models  and  associated  computer  programs  are  developed  in  order  to  calculate  the  steady  and 
unsteady  interaction  forces  between  ships  operating  close  to  one  another  in  deep  and  shallow  water.  The 
potential  description  of  the  flow  about  the  body  by  means  of  a line  distribution  of  singularities  consist- 
ing of  sources  and  doublets  (horizontally  and  vertically  oriented)  and  the  use  of  Lagally's  theorem  pro- 
vide a relatively  inexpensive,  not  too  complicated,  and  yet  rather  accurate  method  of  calculating  the  in- 
teraction forces  and  moments.  Good  agreement  is  obtained  between  the  results  of  model  tests  in  the  towing 
tank  and  those  calculated  for  several  diverse  ship  types. 

Since  the  overall  dynamics  of  the  ships  must  be  considered  in  the  evaluation  of  any  operational  or 
special  maneuver,  the  interaction  force  model  was  combined  with  the  ordinary  maneuvering  mathematical  model 
to  provide  a trajectory  model  and  computer  program  for  use  in  the  simulation  of  ships  maneuvering  in  prox- 
imity. Examples  are  given  of  the  use  of  the  trajectory  model  in  the  simulation  of  ship  replenishment  op- 
erations at  sea. 

NOMENCLATURE 


A^  added  (hydrodynamic)  inertia,  i defines  the 
force  component  and  j the  motion  component 
from  which  the  force  arises 
A^2  lateral  added  mass 

A,,  added  inertia  in  yaw 

bb 

a,b  end  points  of  body 

BMLD  molded  beam  of  ship 

CLAG  rudder  control  system  time  lag 
DLAG  propeller  control  system  time  lag 

DR  rudder  deflection  angle 

F vector  force  acting  on  body 

f functional  relationship 

I yaw  moment  of  inertia 

control  coefficients,  i refers  to  ship,  j 
___  refers  to  motion  parameter  sensitivity 

M vector  moment  acting  on  body 

m source  (singularity)  strength 

m mass  of  body 

N yaw  moment 

n rotational  speed  of  propeller 

q velocity  component 

q^  cross  flow  normal  velocity  component 

R radius  of  body  section 

r yaw  angular  velocity 

r radial  distance 

SUPLY  desired  lateral  ship  separation 
t time 

U free  stream  velocity 

u forward  component  of  velocity 

Ij^.u  translational  velocity  of  body 

u initial  forward  speed 

o 

V volume  of  displacement  of  body 

v transverse  component  of  velocity 

X,Y  longitudinal  and  lateral  force  components 
respectively 

x distance  from  origin  along  the  longitudinal 

axis  of  body 


Xg  longitudinal  position  of  center  of  gravity 

from  origin 

y distance  along  the  transverse  axis  of  body 

xo,yo  positional  coordinates  in  space 

A increment 

V vector  gradient 

6 rudder  deflection 

5 doublet  (singularity)  strength 

£ longitudinal  positional  coordinate  on  body 

p mass  density  of  fluid 

$ potential  function 

¥ yaw  angle  (orientation) 

lo, C rotational  velocity 

• dot  - derivative  with  respect  to  time 

Subscripts: 

int  interaction 

p refers  to  perturbation 

ss  steady  state 

tr  transient 

u,v,r,6  partial  derivative  with  respect  to  sub- 
scripts - i.e.,  = 3aN/3r32v 

x,y  x and  y components 

u degrees  of  freedom  1 to  6 

y due  to  body  alone 

r)  due  to  the  presence  of  other  bodies 

INTRODUCTION 

The  ability  of  a ship  to  maneuver  properly  is,  in 
many  cases,  a critical  item  in  the  effective  opera- 
tions of  the  ship  and  in  certain  circumstances,  is 
critical  even  to  its  survivability.  Maneuverability 
is  to  be  understood  in  its  broadest  sense;  that  is, 
the  ability  for  the  skipper  to  make  the  ship  go 
where  he  wants  it  to  go  safely,  efficiently,  and 
with  confidence  under  the  existing  environmental 
constraints  such  as  high  seas,  shallow  waters,  can- 
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als,  restricted  waterways,  or  in  close  proximity 
with  other  ships.  This  definition  of  maneuverabil- 
ity goes  beyond  the  mechanical  ability  of  a ship 
and  its  control  system  to  respond  to  a call  of  rud- 
der action  and  must  include  the  ability  of  the 
helmsman  to  avoid  entering  into  any  situation 
wherein,  even  if  the  maneuverability  capabilities 
of  the  ship  are  employed  in  optimum  fashion,  a col- 
lision, grounding,  damage,  or  breakup  becomes  un- 
avoidable. Obviously  the  best  level  of  maneuver- 
ability is  obtained  when  (a)  the  ship  and  its  con- 
trol system  are  effectively  designed,  (b)  the  skip- 
per is  familiar  with  the  ship's  capabilities  and 
understands  how  to  bring  the  control  system  into 
most  effective  use,  and  (c)  the  skipper  knows  what 
situations  may  be  beyond  recovery  capability  and 
therefore  tries  to  avoid  getting  into  such  situa- 
tions . 

The  proper  development  of  each  of  the  maneuver- 
ing capabilities  mentioned  above  (a,  b,  c)  requires 
an  ability  to  predict  the  motion  response  of  the 
ship  to  a call  for  rudder  action.  When  this  pre- 
diction procedure  takes  the  form  of  a mathematical 
model  which  simulates  the  ship  dynamics  and  pre- 
dicts the  ship's  trajectory,  analysis  of  simulated 
maneuvers  can  ultimately  produce  the  proper  design 
of  the  ship's  hull,  rudder,  and  control  system  for 
the  mission  assigned.  The  simulation  can  be  used 
to  have  the  operator  become  familiar  with  ship  cap- 
abilities either  directly  through  results  of  the 
simulated  runs  or  by  incorporation  of  the  mathemat- 
ical model  into  a real  time  "pilot  trainer".  Also, 
the  analysis  can  be  used  to  establish  under  what 
situations  collision  is  unavoidable  and  thereby 
provide  information  to  the  skipper  as  to  what  situ- 
ations to  avoid  during  various  operations,  or  fur- 
nish necessary  information  on  which  to  develop 
"rules  of  the  road"  for  ship  operation  during  cer- 
tain missions  at  sea  or  in  harbor  traffic.  Math- 
ematical trajectory  models  have  been  developed  and 
used  for  such  purposes  for  the  case  where  the  forces 
acting  on  the  ship  are  based  on  the  ship  operating 
by  itself  without  the  effect  of  other  ships  or  flow 
boundaries  nearby.  This  model  is  inadequate  for 
simulating  the  motion  during  those  missions  which 
require  ships  to  operate  in  close  proximity  to  one 
another  because  there  may  exist  strong  interaction 
forces  between  the  ships  which  can  result  in  colli- 
sions. 

The  development  of  a mathematical  model  which 
predicts  the  forces  and  moments  acting  on  ships  op- 
erating on  parallel  courses  at  various  speeds  with  a 
given  longitudinal  and  lateral  relative  positioning 
is  only  the  first  step  in  obtaining  the  complete 
model  for  the  simulation  of  the  maneuvering  of  ships 
in  proximity.  The  model  must  include  difference  in 
headings,  unsteady  effects  such  as  interaction 
forces  resulting  from  velocities  and  accelerations 
(as  well  as  position) , and  the  total  dynamics  of 
the  situation  which  includes  the  effects  of  the 
previous  history  of  the  trajectory  on  the  state  of 
the  motion  at  a given  time.  In  order  to  demon- 
strate this  latter  "dynamics"  effect,  the  case  of  a 
small  ship  overtaking  a larger  ship  close  abeam  in 
a harbor  is  chosen  as  an  example.  Figure  1 shows 
the  typical  moment  acting  on  a 300- foot  ship  (A) 
while  it  is  overtaking  a 900-foot  tanker  (B)  100 
feet  abeam.  As  Ship  A moves  along  the  forward  por- 
tion of  Ship  B,  Ship  A experiences  a sizeable  ’’bow 
out"  moment  tending  to  move  Ship  A away  from  Ship 
B.  That  is  what  the  "statics"  of  the  situation 
indicates.  However,  the  "dynamics"  of  the  situa- 
tion will  indicate  just  the  opposite;  it  will  indi- 
cate Ship  A tending  to  cross  over  the  bow  of  Ship 
B.  Let  us  assume  for  the  sake  of  simplicity  that 


the  moment  acting  on  Ship  A is  of  similar  order  of 
magnitude  as  that  shown  in  Figure  1,  even  though 
there  will  be  a heading  and  separation  distance 
change  as  Ship  A moves  up  on  Ship  B.  When  Ship  A 
is  at  the  stern  of  Ship  B there  is  a "bow  in"  moment 
tending  to  head  Ship  A towards  Ship  B.  Since  im- 
pulse equals  the  momentum  change,  the  following  re- 
lationship holds. 


N dt 


I 

z 


du) 


where  N is  the  yaw  moment,  I the  mass  moment  of  in- 
ertia in  yaw,  w the  angular  velocity  in  yaw,  and 
t is  time.  This  gives 


ui  = 


/ Ndx 

VvV 


where  x is  the  relative  longitudinal  distance  trav- 
elled and  u^-u  is  the  relative  speed.  The  yaw  ang- 
le ip  is  given  by  / uidt  and  the  transverse  distance 
moved  (due  to  heading  angle)  can  be  approximated  as 
/u  ijidt.  Figure  1 shows  a),  ip,  and  y as  they  vary 
with  relative  position  for  this  fictitious  case.  We 
find  that  when  Ship  A is  at  the  bow  of  Ship  B,  Ship 
A has  its  largest  bow  in  heading  at  approximately 
the  position  where  it  experiences  its  maximum  bow 
out  moment  and  Ship  A continues  to  close  on  Ship  B 
even  well  beyond  this  point . 

The  authors  are  familiar  with  an  actual  collision 
which  occurred  in  a harbor  when  a small  fishing 
trawler  was  overtaking  a tanker  close  by.  The  traw- 
ler swung  across  the  bow  of  the  tanker,  was  rammed, 
and  sank.  When  the  trawler  was  retrieved,  it  was 
noted  that  the  rudder  was  hard  over  to  avoid  the 
collision  but  to  no  avail.  Also,  there  "have  been 
several  collisions  at  sea  wherein  an  overtaking  ves- 
sel has  moved  across  the  bow  of  the  overtaken  vessel. 

This  paper  describes  the  development  of  a mathe- 
matical model  for  use  in  the  effective  simulation  of 
ship  motions  when  ships  operate  in  close  proximity 
to  one  another  or  in  a canal . The  model  calculates 
the  longitudinal  and  lateral  interaction  forces  and 
the  interaction  yaw  moment  arising  from  both  steady 
effects  (due  to  relative  longitudinal,  lateral,  and 
heading  orientation)  and  unsteady  effects  (due  to 
ships'  velocities  and  accelerations,  both  linear  and 
angular)  and  includes  the  effects  of  shallow  water. 
It  combines  these  proximity  forces  with  those  ob- 
tained for  the  ship  in  the  unrestricted  condition  to 
form  a complete  trajectory  model.  The  skipper's 
call  for  rudder  action  as  he  senses  the  various  ship 
motions  (such  as  heading,  closing  rate,  ship  swing- 
ing, etc.)  and  the  resulting  rudder  response  is  also 
incorporated  into  the  model  in  the  form  of  control 
coefficients  (which  can  be  adjustedfor  those  motion 
responses  sensed  by  the  skipper.  The  output  of  the 
associated  computer  program  is  the  total  dynamics  of 
the  ships  involved  plus  a plotted  schematic  of  the 
ships'  positions  and  orientation.  In  order  for  the 
mathematical  model  and  associated  program  to  be  a 
useful  "tool",  the  calculation  of  the  forces  must 
give  results  which  are  of  acceptable  accuracy,  must 
involve  efficient  computational  methods,  and  be  rel- 
atively inexpensive  to  use.  The  model  and  computer 
programs  described  herein  have  these  properties  and 
present  an  effective  device  by  which  ship  maneuvers 
can  be  simulated  and  analyzed  for  the  purpose  of  im- 
proving ship  design  and  operations. 
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DEVELOPMENT  OF  THE  MATHEMATICAL  MODELS  AND  COMPUTA- 
TIONAL PROCEDURES 


Description  of  the  potential  function 

The  model  developed  herein  for  predicting  ship 
interaction  forces  uses  as  a basis  the  hypothesis 
proposed  by  Havelock  that  the  potential  field  des- 
cribing the  flow  situation  without  free  surface  ef- 
fects is  sufficient  to  explain  the  interaction  phe- 
nomenon. This  approach  seems  reasonable  in  light 
of  certain  justifiable  assumptions.  The  first  is 
that  the  forces  sought  arise  only  from  a pressure 
disturbance  quantified  in  terms  of  a potential  des- 
cription, an  assumption  justified  by  the  dominance 
of  these  forces  over  other  components  which  might 
arise  from  wave  pattern  interaction  near  the  vessel. 
Acceptance  of  this  assumption  further  allows  the 
postulation  of  a rigid  free  surface  and,  thus,  makes 
possible  the  use  of  "double-body"  models  for  the 
vessels  under  consideration.  These  simplifications 
seem  valid  in  light  of  minimal  wave  and  wake  dis- 
turbances created  by  vessels  maneuvering  at  rela- 
tively slow  speeds  in  close-proximity  operations  or 
in  restricted  waters. 

If  the  fluid  is  taken  to  be  ideal,  then  the  flow 
with  a rigid  free  surface  can  be  modelled  using 
bodies  of  revolution  moving  horizontally  as  there 
will  exist  no  flow  component  normal  to  the  water- 
line plane.  The  body  of  revolution  model  for  a ves- 
sel can  be  produced  using  only  a single  axial  dis- 
tribution of  singularities  and,  thus,  the  expensive 
computation  process  of  surface  singularity  distri- 
butions is  avoided.  If  the  additional  assumption  is 
now  made  that  the  bodies  are  very  slender,  or,  in 
other  words,  the  lateral  dimensions  are  small  com- 
pared to  the  length  of  the  bodies,  the  boundary 
condition  may  be  evaluated  on  the  body  axis  with  the 
normal  assumed  in  the  radial  direction  without  the 
introduction  of  noticeable  error. 

A continuous  axial  distribution  of  singularities 
which  represents  a body  moving  in  a uniform  stream 
may  be  represented  by  the  following  expression: 

*(x)  - + - g)*(+V  + ** dS  (1) 


where  4>(x)  is  the  potential  description  of  the  body; 
U(x)  is  the  free  stream  velocity;  a,b  are  end  points 
of  the  body;  x,y,z  are  body  oriented  orthogonal 
axes;  and  m(,0  is  the  singularity  strength. 

With  the  above  assumption,  the  boundary  condi- 
tion reduces  to  satisfaction  of  the  condition: 


qradial(x) 
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where  9racna]^x)  t*'e  radial  velocity  with  res- 
pect to  the  body  oriented  axis. 

Then, 
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where  R(x)  is  the  radius  of  the  body. 
This,  then,  reduces  to 


Thus,  we  may  model  each  of  the  v ssels  under 
consideration  as  a continuous  line  source  with 
strengths  determined  by  the  expression  above.  Now, 
it  is  apparent  that  when  two  or  more  of  these 
source  distributions  are  brought  into  proximity, 
each  will  induce  velocities  at  points  along  the 
other,  and  thereby  will  disturb  any  satisfaction  of 
the  body  surface  boundary  conditions  established  in 
the  earlier  approach.  However,  if  we  assume  that 
at  any  discrete  point  on  the  surface,  this  induced 
cross  flow  is  uniform,  an  axial  distribution  of 
doublets  may  be  sized  which  will  exactly  counter 
this  cross  flow  velocity,  and  thus  restore  satis- 
faction of  the  boundary  condition.  The  axial  per- 
turbations are  also  accounted  for  by  revising  the 
source  strengths. 

The  potential  model  for  in  infinite  cylinder  in 
a uniform  cross  flow  may  be  represented  by: 

OO 

t(x)  = [ (6) 

2—00 

where  £(£)  is  the  strength  of  the  axial  distribu- 
tion of  doublets;  y is  the  transverse  distance  from 
the  axis;  and  r is  the  radial  distance  from  the 
axis . 

This  approach  is  shown  by  Streeter  [ 1 ] to  yield, 
under  the  assumptions  made  above,  the  following  ex- 
pression for  the  strength  of  the  dipole  distribu- 
tion: 

qn^  A22  2 

C(£)  - (1  + -^OR'  (?)  (7) 

where  £(?)  is  the  dipole  distribution  strength; 
q’(?)  is  the  cross  flow  velocity  component  induced 
normal  to  the  body  on  the  surface;  is  the 

lateral  “added  mass"  of  the  body;  and  pV  is  the 
mass  displacement  of  the  body. 

Upon  further  consideration,  it  is  seen  that  this 
may  still  not  be  satisfactory  as  the  newly  intro- 
duced singularities  will,  in  turn,  disturb  the 
boundary  conditions  again.  However,  by  iterating 
the  procedure  and  resizing  the  singularity  strengths 
on  each  body,  convergence  is  obtained  and  the  boun- 
dary conditions  ultimately  satisfied.  It  has  been 
found  that  in  the  situations  studied  thus  far,  as 
few  as  three  iterations  are  sufficient  to  insure 
convergence.  Figure  2 gives  a graphical  represen- 

tation of  the  singularity  distribution  for  a typi- 
cal proximity  situation. 

Applications  of  this  model  in  an  overall  traj- 
ectory prediction  program  will  also  necessitate 
consideration  of  both  rotational  and  lateral  body 
motions.  Lateral  motion  is  modelled  just  as  in  the 
procedure  aoove  with  the  added  axial  dipole  aistri- 
bution  possessing  a strength  derived  by  the  famil- 
iar expression: 

A 

C (?)  - x<l  + (8) 
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where  v is  the  lateral  velocity  of  the  body  and  the 
dipoles  are  oriented  so  as  to  oppose  the  oncoming 
flow.  Rotational  moti  'n  can  be  handled  in  an  anal- 
ogous manner  with  the  strength  of  the  distribution 
being: 

Cj?)  - (0?R2(?)(1  +■—)  (9) 


and 
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where  w is  the  angular  velocity  and  the  dipoles  are 
again  oriented  so  as  to  oppose  the  oncoming  flow. 

This,  then,  forms  the  core  of  the  interaction 
model.  A conceptualization  c th  appropriate  delin- 
eation of  the  axis  systems  and  the  orientation  to 
(5)  be  used  in  this  study  is  pictured  in  Figure  3. 

673  © IMechE  1 077 


VII  40 


It  should  be  noted  that  this  development  has  pro- 
ceeded under  the  assumption  of  an  infinitely  deep 
fluid.  The  effects  of  introducing  bottom  interac- 
tions will  be  explored  in  a later  section. 

Computation  of  the  Interaction  Forces  and  Moments 

Having  the  potential  description  for  each  body, 
Bernoulli's  equation  could  be  used  to  obtain  pres- 
sure distributions  and,  by  further  integration, 
forces  and  moments  acting  over  the  body.  However, 
by  noting  that  since  the  potential  description  con- 
sists of  some  particular  combinations  of  singulari- 
ties, be  they  sources,  sinks  or  dipoles,  the  inte- 
gration can  be  carried  out  as  a first  step  and,  as 
it  were,  the  force  treated  as  a summation  of  all 
differential  forces  arising  from  singularity  pair 
interaction.  This  was  first  reasoned  in  1922  by 
Lagally  and  he  was  able  to  derive  simple  expres- 
sions relating  the  force  acting  on  a body  to  the 
singularity  distribution  used  to  describe  it.  La- 
gally's  expressions  were  restricted  to  steady  flow 
problems  but,  in  1953,  Cummins  [2  ] was  able  to  ex- 
pand this  technique  to  include  unsteady  motion.  As 
Cummins  showed,  if  we  consider  p to  be  the  fluid 
density,  m to  be  the  source  strength  in  the  veloci- 
ty potential  considered  with  respect  to  a coordin- 
ate system  fixed  in  the  body;  q'  to  be  the  flow 
induced  at  the  singularity  in  question  from  all 
singularities  external  to  the  body;  r to  be  the 
position  vector  from  the  body  origin  to  the  singu- 
larity in  question  (r  being  the  centroid) ; C to  be 
the  dipole  strength;  uq  to  be  the  translational 
velocity  of  the  body;  TS  to  be  the  rotational  vel- 
ocity of  the  body;  and  if  the  velocity  potential 
can  be  expressed  as: 


0 = u <t>  + $ 

a a o 


(10) 


where  the  $r  's  are  the  unit  potentials  for  the  six 
possible  bocfy  motions  assuming  all  other  boundaries 
are  at  rest;  and  $ is  the  potential  representing 
the  motion  of  all  external  boundaries  assuming 
the  body  is  a:  rest  (letting  $'  be  that  arising 
from  singularities  which  are  all  external  to  the 
body  and  4>”  be  from  all  internal  singularities); 
then  the  simplified  expressions  for  the  total  force 
and  moment  acting  on  tne  oody  are  as  follows: 

T = 4ir[n^  + fx  + f2  + f3]  (11) 


tt  = 4x[pV(r  x ^»)  + M + M_  + MJ  (12) 

g dt  1 2.  J 

and  are  shown  to  be  zero  for  both  sources  and 
doublets  and  the  other  terms  are: 

= -p[mq’  + (Z  • V)q’]  (13) 
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where  i represents  the  component  under  considera- 


tion (i  = 1,  2,  3).  This  last  term  was  not  due  to 
Cummins  but  Landweber  and  Yih  [ 3 ]. 

It  is  a straightforward  matter  to  integrate  the 
expression  for  F^  and  into  a computer  program 
in  order  to  arrive  at  expressions  for  ships  on 
steady  courses  at  constant  speeds.  In  considering 
this  work  for  inclusion  in  the  overall  trajectory 
model,  it  was  decided  that  an  investigation  should 
be  made  into  the  impact  of  the  unsteady  terms. 
Thus,  it  was  necessary  to  incorporate  F^  into  the 
numerical  calculation,  and  also  interpret  and  in- 
corporate the  term  M23  (unsteady  yaw  moment). 

Zucker  [ 4 ] points  out  that  the  origin  of  the 
body  must  be  chosen  at  a point  of  zero  accelera- 
tion or,  as  is  done  here,  at  the  centroid,  or  at  a 
point  whose  acceleration  vector  passes  through  the 
centroid  in  order  for  his  expression  of  Landweber 
and  Yih's  results  to  be  applicable.  Since  the  in- 
terest here  is  in  the  yaw  moment,  i = 3,  the 
expression  reduces  to: 

M23  = dt(u)jA3+j  ,6)  " ^ ^[m6(<!o  + ujxj) 
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j = 1,  2,  3 (17) 

Now,  as  was  seen  in  the  model  description: 

u6*6  * *6  U8) 

and,  as  has  been  seen,  can  be  described  entirely 
by  a doublet  distribution  of  strength  equal  to: 
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(4SR2(OU  + -£)]  (19) 


oriented  in  the  positive  and  negative  y-directions . 
Thus , 

m,  = 0 

D 

= o 

b 

u6j(j*2)  = 0 (20) 

q62  = 0 A 
rQ2  = u*R2«)(1.+  -^) 

q^2  is  the  flow  in  the  y-direction 

body-fixed  coordinates  induced  by  external  sin- 
gularities as  if  the  body  in  question  were  com- 
pletely at  rest;  and  u2  is  the  translational  velo- 
city of  the  body  in  the  y-direction.  The  "virtual" 
moment  term  for  this  particular  problem  then  be- 
comes : 

M23  = dt(u3A66)  + pdt  ^C62(q02  “ U2J 1 (21) 


where 

with  respect  to 


Now,  what  is  really  desired  are  those  portions  of 
the  expressions  above  which  arise  due  to  the  inter- 
action of  the  bodies  which  have  been  modelled.  From 
D'Alembert's  paradox,  it  is  seen  that  the  steady- 
state  force,  in  its  entirety,  must  arise  from  in- 
teraction effects.  Thus, 
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Now,  there  could  exist  a transient  force  without 
the  presence  of  a second  body,  thus  it  becomes  nec- 
essary to  separate  the  transient  force  terms  (F 

and  F ) as  follows:  x r 

ytr 


= (F  ).  + 

xtr'int 


(Fxtr}o 


^y(0  + m^(0 } 


F 

ytr 
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where  m and  £ are  due  to  the  presence  of  the  body 
alone  ^ ^ and  in  and  £ are  due  to  the  pres- 
ence of  the  other  bodp.  ^ Thus,  the  forces 

sought  become: 
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As  before,  there  could  exist  a steady-state  moment 
without  the  presence  of  the  other  body,  so  there- 
fore, insurance  must  be  made  that  the  terms  in- 
cluded are  due  only  to  the  presence  of  the  second 
ship.  Thus,  terms  in  the  steady-state  moment  ex- 
pression which  include  elements  arising  entirely 
from  the  body  under  consideration  should  not  be  in- 
cluded. Thus,  this  becomes: 
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Then  the  total  forces  and  moments  acting  on  the 
body  are:  f/2 
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where  q'  is  the  axial  perturbation  velocity  aris- 
xp  ing  from  the  presence  of  the  second  body; 
q'  is  the  total  axial  velocity;  and  4 , 4-  , 4 are 
as  defined  previously. 

The  virtual  moment  term  can  be  expanded  as  fol- 
lows : 

M23tr=  dt(“3A66)+47Ip^^62dtq02','q02dt  462 


u2dt  ^62 
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C62dt  u2 
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Now  the  terms  4^  an<^  u2  are  ■*-n  n0  wa7  rei-ated  to 

the  presence  of  the  second  ship  as  is  the  first 
term,  thus  the  virtual  interaction  moment  becomes: 
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In  summary,  then,  the  expressions  needed  for  the 
interaction  forces  to  be  included  in  the  trajectory 
program  in  terms  of  their  components  are  as  follows: 
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The  development  of  a mathematical  model  and  as- 
sociated computer  program  with  the  capability  of 
calculating  the  interaction  forces,  both  steady 
and  unsteady,  on  ships  in  proximity  situations  pro- 
vides the  remaining  necessary  information  to  com- 
pute the  general  trajectories  of  ships  moving  close 
to  other  ships  or  canal  walls.  In  the  previous 
section,  care  was  taken  to  calculate  only  those 
forces  due  to  proximity  of  another  body  as  a func- 
tion of  relative  positional  coordinates  (x0,  yD, 
and  i)i)  and  the  velocity  and  acceleration  components 
of  the  ships.  The  interaction  forces  as  calculated 
have  purposely  excluded  the  forces  on  the  bodies 
due  to  the  velocities  and  accelerations  of  the  bod- 
ies in  open  water.  Hence,  it  is  only  necessary  to 
add  to  the  proximity  forces  (and  moments) , those 
forces  on  the  body  which  result  from  the  body  mo- 
tions (u,  v,  r,  u,  v,  r,  6)  in  unrestricted  waters. 
Mathematical  models  and  computer  programs  exist  and 
have  been  readily  used  for  calculating  the  trajec- 
tory of  ships  in  open  water  using  hydrodynamic  co- 
efficients theoretically  calculated  and  measured 
by  scaled  model  tests.  Such  a mathematical  model 
was  introduced  by  Abkowitz  [ 5 ] , and  used  by  Strom- 
Tejsen  [ 6 ) and  Calvano  [ 7 ].  Within  the  model  the 
forces  and  moments  in  the  equations  of  motion  are 
expressed  in  the  form  of  a Taylor  expansion  in  the 
body  velocity  and  acceleration  components  and  the 
rudder  deflection. 

If  the  ship  is  restricted  to  motion  in  the  hori- 
zontal plane  without  roll,  then  the  general  assump- 
tion that  the  forces  and  moments  must  depend  on 
ship  orientation,  velocity,  acceleration,  and  con- 
trol surface  deflection  gives  the  following  func- 
tional form: 
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where  X is  the  component  of  force  along  the  ship's 
longitudinal  axis  (forward  positive);  Y is  the  com- 
ponent of  force  along  the  transverse  axis  (positive 
to  starboard) ; N is  the  yaw  moment  (positive  bow  to 
starboard);  f represents  a functional  relationship; 
xQ  is  the  longitudinal  positional  coordinate;  yQ  is 
the  lateral  positional  coordinate;  ip  is  the  heading 
angle  relative  to  some  given  direction;  u is  the 
component  of  ship’s  velocity  along  the  longitudinal 
ship's  axis  (x-axis);  v is  the  component  of  velo- 
city along  the  ship's  transverse  axis  (y-axis) ; r 
is  the  component  of  angular  velocity  about  the 
ship's  vertical  axis  (z-axis)  - i.e.,  yaw  velocity; 
6 is  the  rudder  (control  surface)  deflection;  n is 
the  rotational  speed  of  the  ship's  propeller;  • a 
dot  above  a quantity  indicates  the  derivative  of 
that  quantity  with  respect  to  time. 

It  is  further  assumed  that,  (i)  the  forces  on 
the  ship  due  to  rudder  rate  (o)  and  rudder  acceler- 
ation (6)  are  negligible  in  comparison  to  other 
forces,  (ii)  the  propeller  speed  (n)  remains  con- 
stant during  the  maneuver,  (iii)  the  forces  are 
linear  with  respect  to  the  apparent  acceleration 
components  u,  v,  and  i,  and  (iv)  that  the  non- 
linear forces  on  the  ship  due  to  u,  v,  r and  6 of 
the  ship  can  be  adequately  expressed  through  the 
cubic  term  of  a Taylor  expansion.  These  assump- 
tions have  been  shown  to  be  valid  for  the  types  of 
trajectory  under  consideration  in  this  study. 

The  equations  of  motion  then  take  the  form  of: 

(m  - X.)u  = fl(u,v,r,6,Xint) 
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+ Y ,vr6  + Y,  „ 
vrO  int 


f3  = N*+  N*u(Au)  + N*uu(Au)  + Nvv 


+ (N  - rax _u) r + Nx6  + N v(Au)  + N r(Au) 
r G 0 vu  ru 


+ N,  6(Au)  + i[N  v3  + N r3  + N.ix63] 
6u  6 wv  rrr  5<56 


+ 4[N  vr2  + N Jjcv62  + N v(Au)2 
2 vrr  vOO  vuu 


+ N rv2  + N ..rO2  + N r(Au)2  + N.  5v2 
rvv  rOO  ruu  ow 


+ N,  Or2  + N,  6(Au)2]  + N xvr6  + N. 
Orr  ouu  vrO  int 


where  m is  the  mass  of  the  ship;  Iz  is  the  moment 
of  inertia  in  yaw;  xq  is  the  longitudinal  distance 
from  the  origin  (usually  amidships)  to  the  center 
of  gravity,  positive  forward;  Y*  and  N*  are  the  in- 
itial values  of  transverse  force  and  yaw  moment  in 
straight  ahead  motion  due  to  asymmetrical  effects 
(single  screw  with  a preferred  direction  of  rota- 
tion); X , . Y . . „ and  N . . are 

subscript’  subscript  subscript 

the  partial  derivatives  of  the  X,  Y and  N hydrody- 
namic functions  respectively,  with  respect  to  the 
subscript,  taken  at  the  equilibrium  condition  of 
straight  ahead  motion,  i.e.. 


N - M) 
v 3v 


5w 


^3632vJ 


Au  is  the  change  in  speed  during  the  maneuver;  and 

X.  . , Y.  , and  N.  . are  interaction  forces  and 
int’  int*  int 

moments . 

The  interaction  forces  and  moments  are  functions 
of  u,  V,  r,  u,  v,  r,  xQi,  yoi,  ip±,  u^  v^  r^.,  C^, 

v^,  and  r^  where  the  subscript  i refers  to  other 

ships  in  proximity  (i  = 1,  2,  ...)  and  xq^,  yo^. 


+ X r2(Au)  + X„  62(Au)  ] + X vr  (Au) 
rru  66u  vru 

+ X r v6(Au)  + X p r6 (Au)  + X, 
v6u  r6u  int 

f,  = Y.+  Y.  (Au)  + Y.  (Au)2  + Y v + Y.S 
2 * *u  *uu  v 6 

+ Y v(Au)  + (Y  - mu)r  + Y r(Au) 
vu  r ru 


and  ip.  refer  to  the  positional  orientation  of  the 
ship  under  consideration  with  respect  to  the  ship 
i nearby. 

The  solution  of  the  equations  for  the  accelera- 
tion components  gives 


(Iz  - N.)f2  - (mxG 


Vf3 


+ Y,  6 (Au)  + v3  + Y r3  + Y...63] 

6u  6 wv  rrr  666 


(m  - Y^)  f 3 - (mxG  - iyf2 


+ ^[Y  vr2  + Y . pV62  + Y ■ v(Au)2 
2l  vrr  v66  vuu 


+ Y rv2  + Y p.r62  + Y r(Au)2  + Y.  6v2 
rvv  rod  ruu  Ow 


where 


f.  * (m  - Y .)  (I  - N.)  - (mx  - Y.)(mx_  - N .) 
4 v z r G r G v 
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Since  u(t) 


u + ud  t 

° J 


and  similarly 


for  v(t) 


and  r(t),  the  computer  can  integrate  the  non-linear 
functions  by  step-by-step  integration  in  short  in- 
crements of  time  At  so  that 


u(t  + At)  = u(t)  + At‘u(t) 


v(t  + At)  = v ( t ) + Afv(t) 


r(t  + At)  = r(t)  + Afr(t) 


The  trajectory  of  each  ship,  xQ,  yQ,  and  iji , can 
similarly  be  calculated  by  this  same  step-by-step 
progress  in  accordance  with  the  following  relation- 
ships , 

XQ(t)  = |(u  cosiJj  + v sintj/)dt 
yQ(t)  = f (u  sinijj  + v cosijOdt 


With  the  positional  orientation  in  space  of  each 
ship  now  calculated  the  relative  orientation  be- 
tween two  ships  can  be  obtained  through  subtraction 
and  x0£,  y0j,  and  \J/0^  obtained,  and  these  values 
along  with  other  variables  are  then  put  into  the 
force  functions  f^,  f2>  and  fj  to  determine  the 
trajectory  over  the  next  increment  of  time,  At. 

We  now  have  a trajectory  mathematical  model  and 
associated  computer  program  for  calculation  of  the 
absolute  and  relative  motion  of  several  ships  op- 
erating close  to  one  another. 

As  mentioned  in  the  introduction,  the  overall 
maneuverability  of  the  ship  depends  on  the  ship 
and  control  system  design  and  how  well  the  skipper 
shows  skill  and  caution  in  the  handling  of  the 
rudder  action,  including  the  knowledge  of  what  sit- 
uations to  avoid.  Hence,  there  is  the  human  ele- 
ment in  the  exercise  of  critical  maneuvers  in  cer- 
tain ship  operations.  The  trajectory  model  in- 
cludes the  effects  of  a rudder  deflection,  6(t), 
but  it  is  expected  that  decisions  as  to  what  rudder 
action  should  be  called  for  will  be  outside  the 
-trajectory  model.  The  next  section  deals  with  the 
simulation  of  skipper  action  during  an  operational 
maneuver. 


Applications  to  Operational  Procedures 

With  these  three  tools:  a potential  description 
model,  a force  computation  model;  and  a trajectory 
model,  it  becomes  possible  to  derive  time  histories 
for  vessels  operating  in  close  proximity. 

In  order  to  allow  the  model  to  operate  in  a 
realistic  manner,  it  was  necessary  to  somehow  ar- 
rive at  a method  for  determining  helm  and  lee  helm 
orders  that  the  steersmen  of  the  vessels  would  be 
receiving  during  the  course  of  the  simulation.  That 
is  to  provide  values  of  indicated  rudder  angle  and 
desired  speed  to  the  equations  of  motion  during 
each  time  interval.  There  were  two  approaches  to 
this  problem,  the  first  being  to  allow  computer- 
individual  interaction  and  actually  have  two  people 
sit  and  review  their  specific  situations  at  each 
time  interval  and  return  to  the  computer,  as  con- 
tinuing input,  values  of  rudder  angle  and  desired 
speed.  The  other  was  to  develop  some  sort  of  auto- 
matic control  routine,  inherent  in  the  model,  that 
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would  furnish  these  values  after  operating  in  some 
manner  on  the  variables  of  significance. 

Upon  initial  consideration,  it  would  seem  that 
the  most  desirable  of  these  options  would  be  the 
first,  in  that  the  human  element  in  the  real  time 
situation  is  exactly  accounted  for  as  long  as  indi- 
viduals interacting  with  the  model  are  cautioned  to 
react  in  a manner  appropriate  to  the  developing  sit- 
uation. In  addition,  with  human  interaction,  actual 
situations  involving  disasters  or  near-disasters  can 
be  simulated  as  long  as  rudder  traces  and  bell-books 
for  the  vessels  involved  are  obtainable.  Unfortun- 
ately, this  is  much  more  expensive  than  inherent 
control  techniques,  and  it  was  decided  that  subrou- 
tines should  be  developed  which  would  provide  values 
for  these  control  variables  so  that  model  develop- 
ment cost  could  be  minimized.  In  hindsight,  it 
seems  this  was  a beneficial  choice  in  that  the  com- 
putational model  may  now  be  modified  to  allow  inter- 
action if  that  is  desired,  and  an  inherent  control 
option  exists  and  thus,  is  available  to  investigate 
differing  types  of  automatic  control  systems. 

Individuals  on  the  bridge  of  a ship  underway  as 
well  as  most  commercially  available  control  sensors 
are  sensitive  only  to  the  following  variables: 

1)  absolute  position; 

2)  position  relative  to  another  body; 

3)  absolute  velocities  (linear  and  angular); 

4)  relative  velocities  (with  respect  to  another 
body) ; 

5)  absolute  orientation  (heading  angle) ; and 

6)  relative  orientation  (with  respect  to  another 
body) . 

Thus,  the  control  operators  chosen  should  be  func- 
tions of  these  variables,  and  it  was  decided  to  use 
operators  which  were  linear  functions  of  these  var- 
iables with  different  sets  of  control  coefficients 
representing  different  "personalities"  in  control  of 
the  vessels.  Now  it  was  further  decided  that  in  the 
simulations  to  be  run  as  demonstrations  of  this  sys- 
tem, the  situation  to  be  modelled  would  be  the  un- 
derway replenishment  evolution.  In  this  process  one 
ship,  known  as  the  guide,  usually  the  replenishment 
ship,  endeavors  to  maintain  a constant  heading  and 
constant  speed  while  the  other  moves  slowly  into  re- 
plenishment station  from  aft  of  the  guide.  Upon 
reaching  station,  this  vessel  attempts  to  parallel 
the  guide's  course  and  match  his  speed  until  the 
replenishment  transfers  are  completed,  whereupon  he 
increases  his  speed  and  turns  away  in  what  is  termed 
the  "breakaway".  As  such  it  was  recognized  that  in 
the  control  expressions,  the  guide  would  be  sensi- 
tive to  absolute  position,  heading  angle,  yaw  rate, 
and  absolute  velocity,  while  the  approaching  ship 
should  be  sensitive  to  relative  position,  relative 
heading,  relative  yaw  rate  and  relative  velocity, 
upon  furtner  consiaeration  it  was  felt  to  initially 
consider  the  guide's  sensitivity  to  absolute  posi- 
tion as  negligible  in  that  most  replenishment  oper- 
ations occur  in  the  open  sea  and  it  is  both  unneces- 
sary and  impossible  for  the  replenishment  ship  to 
pinpoint  his  location  with  any  accuracy.  Thus,  the 
control  equations  for  the  guide  are  as  follows: 

DR1  = Kll(^l  “ r*CLAG!)  + Ki2(r  “ CLAG^r) 

+ Ku(yQ  ~ v-CLAG1)  + Ku(v  - v-CLAG^ 

where  DR  is  the  rudder  angle;  iji  is  the  heading  an- 
gle; r is  the  angular  velocity;  y0  is  the  absolute 
lateral  distance  from  the  origin;  v is  the  linear 
velocity  parallel  to  y0-axis;  CLAG  is  the  time  delay 
in  control  system  response  (rudder  system);  are 
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control  coefficients  (j  = 1, 2,3,4). 

With  the  assumptions  above,  K33  and  K34  were  set 
equal  to  zero,  and  in  order  to  rid  the  initial  sim- 
ulation of  as  many  variables  as  possible,  CLAG  was 
also  considered  as  negligible.  Thus,  the  equation 
reduced  to: 

DRi  = Kn^  + K12r 


where  SUPLY  is  the  desired  lateral  separation;  BMLD 
is  the  molded  beam  of  the  vessel;and  SIDE  is  a multi- 
plier which  controls  the  sign  depending  on  which 
side  of  the  guide  the  approaching  vessel  is  on. 

As  before,  in  the  initial  simulations,  CLAG2 
will  be  taken  as  negligible  and  the  equation  be- 
comes : 

Dr2  « k21  (^2  " ’V  + K22(r2  " rl) 


The  speed  equation  was  as  follows: 

U1  = u!  + K15(uq1  - ««!  + ux  • DLAG^ 


where  U3  is  the  actual  velocity  of  the  vessel;  u0| 
is  the  desired  velocity;  DLAG  is  the  time  delay  in 
control  system  response  (propeller  system) ; and  K35 
is  the  control  coefficient.  In  the  same  manner  as 
before,  this  equation  was  initially  reduced  to: 


J1  + K15(uol 


V 


It  should  be  pointed  out  here  that  if  it  is  so  de- 
sired, CLAG,  DLAG,  K33  and  K34  values  can  be  in- 
serted in  the  simulation  as  this  option  has  been 
provided  in  the  input  subroutine.  Thus,  no  gener- 
ality has  been  sacrificed. 

As  could  be  expected,  the  control  provisions  for 
the  ship  to  be  replenished  are  somewhat  more  com- 
plex. First,  three  separate  time  intervals  must  be 
considered:  the  approach,  the  replenishment  evolu- 
tion, and  the  breakaway. 

During  the  approach,  the  ship  to  be  replenished 
would  begin  at  some  distance  aft  and  to  the  beam  of 
the  guide  and  would  slowly  approach  his  replenish- 
ment station  directly  abeam  of  the  guide.  When 
there,  he  would  then  attempt  to  maintain  this  sta- 
tion, deviating  only  at  the  completion  of  the  evol- 
ution when  he  would  slowly  increase  his  speed  and 
then  turn  away  when  assured  that  his  stern  was 
clear  of  the  guide's  bow.  In  the  simulation,  these 
differing  situations  are  accounted  for  by  various 
routines  which  analyze  the  ship's  relative  position 
and  the  time  and  operate  accordingly.  Until  the 
approaching  ship  is  within  a lateral  distance  of 
twice  the  desired  supply  interval,  he  will  continue 
his  approach  at  the  initial  approach  angle  and 
speed.  Upon  entering  this  envelope,  a switch  is 
made  so  that  the  ship  comes  under  the  control  of  an 
operator  similar  to  that  of  the  guide  but  now  sen- 
sitive to  relative  position  and  velocities.  The 
control  equation  for  the  rudder  angle  is  as  fol- 
lows : 


+ K23[(Y2  - Y^cos^  - (x2  - x^sinil^ 
BMLD  BMLD. 

- ( 'PLY  + , + y— ^ — y)SIDE) 

2 2cos(iJ/2  - i^)' 

+ K t(v2  - v1)cos^1  - (u2  - u^sini)^] 


The  spi-ed  ontrol  for  the  ship  to  be  replenished 
while  in  i<_  replenishment  envelope  was  also  more 
involved.  A routine  was  developed  which  controls 
the  speed  of  the  vessel  sensitive  to  relative  po- 
sition and  one  control  coefficient  which  allows  the 
"personality"  of  the  bridge  to  be  varied  from  slow 
and  cautious  to  quick  and  daring.  This  is  accom- 
plished by  determining  at  what  1<  ngitudinal  separ- 
ation the  approaching  ship  will  begin  to  slow. 
Knowing  that  he  desires  to  be  at  zero  relative 
speed  when  abeam,  it  is  then  assumed  that  the  rela- 
tive speed  versus  longitudinal  separation  curve 
will  vary  as  the  square  of  the  relative  velocity. 
This  allows  a desired  speed  to  be  determined.  This 
is  compared  to  the  actual  velocity  and  speed  change: 
which  are  made  realizing  that  increments  must  be 
restricted  to  practical  values  to  allow  for  accel- 
eration and  deceleration.  During  research,  it  was 
found  that  the  maximum  deceleration  possible  in 
most  vessels  was  approximately  0.14  feet  per  second 
per  second  while  acceleration  was  limited  to  a 
value  of  about  0.18  feet  per  second  per  second.  As 
an  example,  suppose  it  is  desired  to  begin  deceler- 
ation at  a longitudinal  separation  of  200  feet  and 
that  at  this  point  there  will  be  a relative  speed 
of  the  approaching  vessel  of  2 knots.  Thus, 


Longitudinal  Separation  = (Control  Coefficient) 
x (Relative  Velocity) ^ 


or 


XfffiL2  * (PERS) (VELOC)2 
200  = (PERS) (2 •! . 6889) 2 


Dr2  = K21[^i2  - U»1  - (r2  - r1)CLAG2l 


PERS  = 17.53 


+ K22[r2  - ri  “ (f2  ' VCLAG2] 

+ K23^Y2  “ Y1)C0SIJ'1  - (x2  ~ x1)sini(/1 

BMLDi  BMLD 

- (SUPLY  + — T-i-  + r— = — )SIDE 

2 2cos(i|i2  - 

- [(v2  - v1)cosip1  - (u2  - u1)sinij)1  )CLAG2) 

+ K24^V2  “ v3)cosl('1  - (u2  “ u1)sini^1 

- [(v2  - v1)cosip1  - (u2  - u^slnll^JCLAC^} 


end  the  desired  relative  velocity  (DES)  will  be  de- 
termined by 


DES 


XREL2 

17.53 


Now,  at  the  point  in  time  at  which  it  has  been 
determined  that  breakaway  should  begin,  a switch 
is  again  made  which  speeds  the  replenished  ship  to 
a relative  velocity  of  five  knots  and  holds  him  on 
a parallel  course  until  his  stern  is  clear  of  the 
guide's  bow  at  which  time  he  is  turned  away  until 
clear  of  the  envelope.  This  completes  the  range 
of  desired  options  which  could  be  called  in  the 
simulation  as  far  as  control  is  concerned.  The  on- 
ly remaining  step  was  to  determine  values  for  the 
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control  coefficients  which  would  provide  stabiliz- 
ing influence  on  the  ships  just  as  human  operators 
on  the  bridges  would.  The  results  of  various 
choices  will  be  shown  in  a later  section. 

COMPUTED  RESULTS  AND  DISCUSSION 

Steady  State  Force  and  Moment  Computations 

The  first  calculations  made  and  results  obtained 
were  used  to  check  the  validity  of  the  interaction 
force  and  moment  model.  Sizing  the  singularities 
by  matching  sectional  areas  of  the  vessels  under 
consideration  with  those  of  the  derived  bodies  of 
revolution  yielded  results  which  compared  with  ex- 
perimental results  as  shown  in  Figure  4 for  the 
Taylor  Models  [ 8 ].  It  was  felt  that  the  large 
discrepancy  was  the  result  of  the  fact  that  this 
sectional  area  modelling  severely  oversized  the 
beam  of  the  vessel  at  the  bow  and  stern  areas  as  is 
shown  in  Figure  5.  The  first  correction  proce- 
dure attempted  was  to  size  .the  body  of  revolution 
by  taking  the  average  of  the  real  beam  and  the  ra- 
dius determined  by  the  sectional  area  curve  alone. 
The  reasoning  behind  this  choice  was  the  search  for 
some  compromise  between  accounting  for  the  proper 
underwater  volume  disturbance  creating  the  pressure 
and  the  correct  distance  over  which  it  was  to  react 
to  the  presence  of  the  other  disturbance.  The 
graphical  results  for  this  averaging  technique  are 
shown  in  Figure  6.  Of  the  other  methods  of  cor- 
rection attempted,  none  yielded  results  comparable 
to  these  and,  thus,  it  was  decided  to  use  this 
method  for  the  model. 

Comparisons  between  theoretical  results  derived 
from  the  model  and  experimental  data  from  both  the 
Admiralty  Experimental  Works  in  Haslar  [ 9 ] and  the 
David  W.  Taylor  Naval  Ship  Research  and  Development 
Center  [10]  are  pictured  in  Figures  7 through  10. 
Agreement  is  quite  good  with  the  most  obvious  dis- 
crepancy appearing  as  a phase  difference  in  the  mo- 
ment curve.  It  is  felt  that  this  discrepancy  arises 
due  to  the  departure  of  the  experimental  flow  from 
that  m-delled  in  the  theoretical  approach  as  a re- 
sult of  separation  and  wake  formation.  This,  in 
effect,  "lengthens"  the  vessel  defined  by  stream- 
lines and  would  cause  a slight  increase  in  the  in- 
teraction force  and  a shift  in  the  point  of  zero 
moment  which  would  more  closely  correlate  with  the 
experimental  curves.  The  fact  that  the  Taylor 
models  did  not  possess  transom  sterns  probably  ac- 
counts for  the  better  phase  correlation  in  that 
case.  As  the  correlation  was  still  quite  good  and 
with  no  sound  theoretical  approach  to  accounting 
for  this  effective  increase  in  ship  length,  it  was 
decided  to  accept  this  discrepancy  as  it  was  felt 
it  would  not  significantly  alter  the  conclusions 
which  could  be  drawn  from  exercising  the  trajectory 
model . 

Effects  of  Unsteady  Forces  and  Moments 

In  order  to  include  unsteady  force  and  moment 
components  in  the  trajectory  prediction  model,  the 
Interaction  force  model  had  to  be  used  at  every 
time  interval.  If  unsteady  terms  could  be  ignored, 
it  would  be  possible  to  arrive  at  cross-faired  sets 
of  curves  for  the  forces  and  moments  and  place  the 
data  in  memory  storage  for  later  retrieval,  thus 
saving  the  expense  of  continually  calling  a subrou- 
tine involving  large  numbers  of  calculations. 
Therefore,  a comparison  was  made  in  a representative 
case  both  including  and  excluding  unsteady  effects. 
The  results  are  shown  in  Figure  11.  It  is  seen 
that  unsteady  effects,  while  relatively  insignifi- 


cant in  the  case  of  the  interaction  force,  can  sig- 
nificantly affect  the  interaction  moment.  Thus,  it 
was  decided  to  Include  unsteady  terms  in  the  total 
model. 

Replenishment  at  Sea  Operation 

With  the  above  determined,  it  was  then  possible 
to  run  the  entire  model.  The  control  coefficients 
were  varied  in  order  to  find  a set  which  yielded  a 
stable  situation  with  the  vessels  alongside.  One 
of  these  early  attempts  is  shown  in  Figure  12  for 
the  case  of  a simulated  replenishment  operation  be- 
tween two  Mariner  ships  where  the  controller  of  the 
tracking  vessel  was  not  given  adequate  sensitivity 
to  lateral  separation  and  thereby  allowed  his  ves- 
sel to  collide  with  the  guide  after  approximately 
5 minutes. 

The  results  of  a proper  selection  are  shown  in 
Figure  13  where  the  vessels  stabilize  in  an  along- 
side position  with  approximately  70  feet  lateral 
separation.  As  has  been  found  in  actual  practice, 
in  order  to  counteract  the  interaction  forces  and 
moments  it  is  seen  that  steady  state  values  of  yaw 
angle  and  rudder  angle  must  be  maintained  by  each 
vessel.  In  the  case  pictured,  these  values  are: 

Ship  One  (Guide) : 

Rudder  Angle  5° 

Yaw  Angle  10° 

Ship  Two  (Tracking  Vessel) : 

Rudder  Angle  - 3° 

Yaw  Angle  -1.4° 


The  Overtaking  Maneuver 

Ship  collisions  have  occurred  in  harbors  when  a 
small  vessel  overtakes  a larger  vessel  at  small 
relative  speeds  but  at  moderate  ship  speeds.  The 
smaller  ship  seems  to  swing  across  the  bow  of  the 
larger  ship.  If  the  passing  is  attempted  at  too 
small  a distance  abeam,  then  there  is  a possibility 
that  even  with  optimum  rudder  action  on  the  part  of 
the  helmsman,  a collision  is  unavoidable.  Figure 
14  shows  the  interaction  force  and  moment  on  the 
smaller  vessel  as  calculated  for  a 300-foot  ship 
(of  Mariner  geometry)  overtaking  a 900-foot  tanker 
with  100  feet  between  hull  sides  (about  2.5  times 
the  beam  of  the  smaller  ship) . Also  shown  in  Fig- 
ure 14  is  the  required  rudder  angle  to  counteract 
the  interaction  moment.  If  the  maximum  available 
rudder  deflection  is  35  degrees,  then  if  the  helms- 
man had  supernatural  powers  and  immediately  sensed 
the  interaction  moment  and  the  ship  had  super  con- 
trols without  time  lags,  the  interaction  moment 
would  just  be  able  to  be  counteracted  by  rudder  mo- 
ment. However,  the  skipper  does  not  sense  the  mo- 
ment as  it  occurs  but  some  time  later  after  the 
ship  has  picked  up  an  angular  velocity  and  heading 
change  and  the  control  system  has  definite  time 
lags. 

The  overtaking  maneuver  model  can  be  effectively 
used  in  determining  rules  of  the  road  for  overtak- 
ing maneuvers  in  harbors  to  assure  the  proper 
safety  in  harbor  traffic  control. 

Shallow  Water  Effects 

During  the  development  of  the  interaction  force 
and  moment  model  described  earlier,  it  was  realized 
that  an  obvious  extension  to  the  approach  would  be 
the  Inclusion  of  a method  to  account  for  finite 
water  depth  so  that  bottom  proximity  effects  on 
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these  forces  could  be  investigated.  In  addition, 
it  was  realized  that  a useful  byproduct  of  such  an 
extension  would  be  the  calculation  of  vertical 
forces  and  moments  acting  on  the  ships  due  to  the 
proximity  of  the  bottom.  Yeung  [11],  using  the 
equations  obtained  by  Wehausen  based  on  Lagrangian 
formulation,  has  developed  a computer  program 
which  yields  values  for  sinkage  and  trim  for  a ship 
operating  in  very  deep  water.  Thus,  to  a first  ap- 
proximation, by  adding  these  values  and  those  re- 
sulting from  shallow  water  interaction,  total  sink- 
age  and  trim  could  be  evaluated  and  used  to  predict 
such  things  as  maximum  safe  speeds  in  shallow  har- 
bors and  channels. 

In  order  to  represent . the  presence  of  a finite 
depth,  a reflection  of  the  potential  model  as  de- 
rived earlier  is  introduced  in  the  plane  wherein  it 
is  desired  to  place  the  bottom.  Thus,  the  boundary 
condition  at  the  bottom  is  immediately  satisfied, 
but  the  question  arises  as  to  the  perturbation  ef- 
fect this  will  have  on  the  satisfaction  of  the  body 
surface  boundary  conditions.  It  is  true  that  these 
will  be  disturbed;  however,  by  introducing  a ver- 
tical dipole  distribution  to  correct  for  the  normal 
cross  flow  at  the  keel  and  iterating  between  both 
vessels  and  their  images,  convergence  to  a correct 
solution  is  possible.  Figure  15  shows  the  arrange- 
ment of  the  vessels  and  images.  This  arrangement 
also  represents  the  effect  of  a near  canal  wall 
placed  midway  between  the  two  hulls.  It  should  be 
noted  that  in  this  case  of  the  vertical  dipoles, 
their  strengths  are  sized  in  relation. to  actual 
draft  at  the  keel  at  each  station.  Again,  making 
use  of  Lagally's  Theorem  as  extended  by  Cummins, 
Landweber  and  Yih,  the  forces  acting  on  each  vessel 
are  obtainable.  The  method  for  perturbation  velo- 
cities at  a point  on  one  body  in  terms  of  that 
body's  axis  system  due  to  a singularity  at  another 
point  on  the  other  body  is  shown  in  Appendix  I. 

With  the  model  thus  established,  plots  of  force 
and  moment  as  caused  by  changes  in  water  depth  may 
be  investigated.  These  are  presented  in  Figures 
16  and  17  . The  first  interesting  fact  to  notice 
is  that  even  in  water  of  such  a depth  as  to  be  or- 
dinarily considered  infinite,  the  satisfaction  of 
the  additional  keel  boundary  condition  has  caused 
approximately  a 10%  increase  in  force  and  moment 
which  represents  a better  fit  to  the  station  shape 
than  the  original  semi-circular  approximation.  It 
is  also  immediately  apparent  that  decreasing  water 
depth  greatly  increases  the  interaction  forces  and 
moments  and  thus  could  play  a major  role  in  the 
possibility  of  collision  between  vessels  operating 
in  close  proximity.  In  addition,  as  shown  by  ex- 
perimental results,  there  exists  a sinkage  and  trim 
effect  on  vessels  operating  in  shallow  water.  Fi- 
nally, it  appears  that  all  these  effects  seem  to 
begin  to  become  significant  in  a relatively  nar- 
row depth/draft  ratio  range  for  a ship  operating 
at  a specific  Froude  number. 

CONCLUDING  REMARKS 

The  availability  of  a complete  trajectory  model 
and  associated  computer  program  provides  a valuable 
and  relatively  inexpensive  tool  for  the  design  of 
ships'  control  systems  and  the  development  of  ship 
operational  procedures  with  the  view  of  obtaining 
acceptable  if  not  optimum  performance  of  the  ship 
in  pursuing  its  mission  requirements.  The  tech- 
nique of  simulating  the  ship  with  a relatively  un- 
complicated distribution  of  singularities  has  kept 
down  the  computer  time  and  coats  required  to  cal- 
culate the  proximity  forces,  yet  gives  computed 
values  for  these  forces  which  agree  with  towed 
model  test  results  as  well  as,  and  probably  better 
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than  those  obtained  by  other  methods. 

Analysis  of  the  results  of  simulated  maneuvers 
such  as  ships  passing  in  a canal,  overtaking  one 
another  in  a harbor,  in  replenishment  operations, 
or  in  convoy  formation  can  provide  information  on 
the  desired  level  of  dynamical  stability  required, 
the  proper  size  and  design  of  rudders,  and  the 
necessary  items  for  proper  control  system  design 
such  as  rudder  rate,  control  gains,  and  motion  par- 
ameter sensitivity. 

For  a given  ship,  analysis  of  simulated  maneuvers 
can  provide  optimization  of  operational  performance 
of  a given  mission,  can  provide  advance  information 
of  what  situations  to  avoid,  can  provide  sort  of 
training  experience  to  skippers,  and  can  help  devel- 
op acceptable  harbor  traffic  routing  patterns  and 
rules  of  the  road. 

It  is  planned  to  make  significant  use  of  the 
trajectory  model  and  program  in  the  near  future  in 
the  relevant  areas  of  ship  design  and  operation. 
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APPENDIX  I 

A necessary  step  in  the  derivation  of  the  model 
presented  in  the  body  of  this  paper  was  the  deter- 
mination of  the  expressions  for  the  velocities  and 
velocity  gradients  induced  by  a . singularity  at  one 


VII.  47 


point  on  the  body  at  another  point  on  another  body. 
That  is,  consider  a singularity  triplet  consisting 
of  a source  strength  m and  two  dipoles  of  strength 
C and  C at  point  1 on  body  K.  It  is  necessary  to 
^ find  the  velocities  and  velocity  gradi- 
ents induced  at  point  2 on  body  1 in  terms  of  the 
variables  describing  the  axis  system  of  ship  1.  The 
potential  strength  induced  by  these  singularities 
at  point  2 in  terms  of  the  axis  system  of  Ship  K is 
then  4’[^(2)  where 

m Cvcos012v  £ cos6^ 

v2>  •—  * * -Hr 


12 


C12 


Note  that  in  the  problem  addressed  by  this  pa- 
per, singularity  contributions  at  two  other  points 
in  space  will  have  to  be  considered,  but  the  method 
is  analogous  and  for  the  sake  of  simplicity,  they 
will  not  be  included  here. 

Now  it  can  be  seen  from  Figure  18  that 
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After  reduction  this  becomes  in  terms  of  Ship  I's 
reference  system: 

xT  = [x  (I)-x  (k)  ]cos0TcosiJ<T+[y  (I)-y  (k)]cos0,sinii,. 
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If  we  neglect  roll  and  let  VQ  be  a vector  measure 
in  a fixed  reference  frame,  and  Vj  ^ be  vector 
measures  in  the  reference  frame  moving  with  ships 
I and  K respectively,  Then, 

V = T(0,l(i)Vo 

where  0 is  the  trim  angle  and  ip  is  the  yaw  angle. 
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Then  to  change  a vector  measure  in  terms  of  Ship 
K's  moving  axis  system  to  one  in  terms  of  Snip  I's 
moving  axis  system,  all  that  is  necessary  is  the 
following: 
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Q = cos(ij/I-^k)cos9ksin8I-sin9Isin0kcos9I 
then 
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in  order  to  use  them  in  the  force  and 
moment  expressions. 


Fig.  1 : Comparison  of  "Static"  and  "Dynamic" 
effects  in  an  overtaking  maneuver. 
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factor  x 10”^ 

Y and  y in  relative  scales 
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Fig.  3:  Delineation  of  axis  systems  and  orientation 
of  bodies. 
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Fig.  4:  Comparison  between  theoretical  calcula- 
tions and  model  tests  for  the  interaction 
forces  on  a Taylor  model  (beam  based  on 
sectional  area). 
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SECTIONAL  AREA 
MODEL  BEAM 

h H 


Fig.  5:  Sectional  beam  based  on  sectional  area. 


Fig.  6:  Comparison  between  theoretical  calcula- 
tions and  model  tests  for  the  interaction 
forces  on  a Taylor  model  (beam  sized  as 
average  of  actual  beam  and  sectional  area 
beam). 
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Fig.  7:  Comparison  between  theoretical  calcula- 
tions and  model  tests  for  the  interaction 
forces  on  ship  A "King  George  V"  (lateral 
separation  100  ft.) 


Fig.  8:  Comparison  between  theoretical  calcula- 
tions and  model  tests  for  the  interaction 
forces  on  ship  A "King  George  V"  (lateral 
separation  50  ft.) 
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Fig.  9:  Comparison  between  theoretical  calcula- 
tions and  model  tests  for  the  interaction 
forces  on  a navy  oiler  in  proximity  with  a 
large  aircraft  carrier  (lateral  separation 
150  ft. — speed  15  knots). 
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Fig.  10:  Comparison  between  theoretical  calcula- 
tions and  model  tests  for  the  interaction 
forces  on  a navy  oiler  in  proximity  with  a 
large  aircraft  carrier  (lateral  separation 
50  ft. — speed  15  knots). 
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Fig.  11 : The  effect  of  unsteady  motions  on  the 
interaction  forces. 
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Fig.  12:  Ship  trajectories  during  a simulation  of  replenishment  operations  (time  in  seconds,  ship  speed  V in 
knots,  yaw  velocity  R in  radians/sec.) 
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R (21 --0.0002 


Fig.  13:  Ship  trajectories  during  a simulation  of  replenishment  operations  (time  in  seconds,  ship  speed  V in 
knots,  yaw  velocity  R in  radians/sec.) 
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SEPARATION  (FEET) 


Fig.  14:  Interaction  forces  on  a 300  ft.  ship  over- 
taking a 900  ft.  tanker  with  lateral  separa- 
tion of  100  ft. 


SHIP  1 SHIP  2 


Normal  flow  boundary 
condition  satisfied  here; 
horizontal  dipole 


Normal  flow  boundary 
condition  satisfied  here; 
vertical  dipole 


Fig.  IB:  Vessel  arrangement  and  images  for  ap- 
proximating shallow  water  effects  on 
proximity  forces. 
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Fig.  16:  Effect  of  shallow  water  on  the  interaction 
forces  for  a navy  oiler. 


Fig.  17:  Vertical  forces  and  moments  on  a navy 
oiler  in  shallow  water. 


SHIP  K 


Fig.  18:  Orientation  of  two  ships  in  proximity  and 
their  images. 
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SOME  CHARACTERISTICS  OF  FLOW 
AROUND  SHIPS  AT  DIFFERENT  DRIFT  ANGLES 
IN  SHALLOW  WATER 
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V.  N.  TRfcSHCMI  \ Sk  i i • I'm  KIN 
Krylov  Ship  Resc.mh  In  i,  • - l- 


The  paper  considers  the  subject  of  nos  around  the  ship  simulation  in  an  aerodynamic 
tunnel  at  various  angles  of  drift  In  shallow  water.  In  particular  such  features  are 
discussed  as:  taking  into  account  the  hound  ary  layer  formed  at  the  water  basin 
bottom;  the  three-dimensional  ship  flow  pattern  at  large  angles  of  drift;  taking  into 
account  the  effects  of  Reynolds  number  upon  the  ehip  hydrodynamic  characteristics  in 
all  the  range  of  drift  angles. 


The  hydrodynamic  static-flow  character- 
istics of  most  displacement  ships  of 
inland  navigation  can  be  predicted  in 
aerodynamic  tunnels  by  making  use  of  the 
double-model  method.  This  is  accounted 
for  by  the  fact  that  the  effect  of  wave- 
making  upon  the  values  of  these 
characteristic  is  insignificant  at 
Fronde  numbers  below  0,2  fl] . In 
simulating  flow  around  the  ship  in 
shallow  water,  there  exist  some  hydro- 
mechanical  peculiarities  which  should 
be  taken  into  account  for  proper  model  - 
ship  correlation. 


1.  Small  drift  angles 

It  is  convenient  to  consider  the 
peculiarities  of  defining  hydrodynamic 
characteristics  of  ship  in  shallow  water 
by  using  some  particular  example.  When 
simulating  in  an  aerodynamic  tunnel  the 
ship  motion  in  shallow  water,  it  is 
necessary  to  make  an  infinite  grid  of 
double  models.  In  practice,  however, 
one  usually  limits  himself  to  using  a 
three -element  grid.  For  the  experiments 
in  the  aerodynamic  tunnel  three  double 
models  of  the  underwater  hull  were 
manufactured,  the  lines  drawing  of  the 
ship  being  shown  in  Fig. la.  The 
principal  dimensions  of  the  model  are 
given  in  the  drawing.  The  models  were 
positioned  in  the  working  section  of 
the  tunnel  in  such  a way  as  is  shown  in 
Fig. lb.  Measurements  of  forces  and 
moments  were  taken  on  the  mean  model  in 
a fixed  coordinate  system  Kyi  (Fig.lc). 
The  amount  of  the  double-model  wetted 
surface  j * 1,48  nr  was  taken  as  being 
characteristic,  and  the  model  length  L 
was  taken  for  a characteristic  linear 
dimension.  The  ratio  H/T  (where  H 
is  the  water  basin  depth  and  T is 
ship's  draught)  was  varied  by  changing 
the  distance  between  the  models. 


When  setting  in*  angle  of  drift  all  the 
models  turned  in  relation  to  the  free 
stream  velocity  vectrr  vr  . The  experi- 
ments were  capled  out  at  Reynolds  number 
tT' = 5,9x10®.  The  nyiru'tynamic  coef- 
ficient values  Cm  , L*,  n,  ,r* 
represented  in  Flg.2(a,b  ,c  j . ut  ue  now 
direct  our  attention  to  the  fm:f»wing. 
Using  three  models  makes  it  poee;t  . e to 
satisfy  approximately  the  boundary 
condition  at  two  surfaces  characteriet: 
for  ship  motion  in  shallow  water.  *lw. 
this  method  of  simulation,  however,  it  le 
quite  impossible  to  measure  the  forces 
and  the  moments  in  the  plane  XOy  . In 
order  to  estimate  forces  and  moments  in 
this  plane  one  can  make  measurements  of 
the  pressure  distributions  over  the 
bottom  of  the  mean  model.  The  measure- 
ments of  pressures  in  the  centerline 
plane  within  the  ratio  range  of 
2,5  > H/T  > 1,5  (Fig. 2d)  showed  that  the 
rarefaction  under  the  ship  bottom 
increased  with  decrease  in  water  depth  H, 
which  in  real  motion  conditions  should 
lead  to  an  increase  in  the  ship's  draught 
even  though  the  propeller  may  not  be 
working.  The  character  of  changes  in 
Cx  , Cy  , /Wi  with  the  decrease  in  H/T 
is  quite  natural  and  agrees  with  the 
well-known  datafij  obtained  for  H/T  >1,5. 

When  considering  the  method  of 
double  models,  it  is  necessary  to  note 
the  following  peculiarity  of  flow 
conditions,  which  distinguishes  this 
method  from  the  one  for  full-scale 
conditions. 

When  the  ship  is  moving  near  the 
bottom,  a boundary  layer  is  formed  on  the 
latter  where  the  ship  motion-induced 
velocities  drop  to  zero  in  the  fixed 
system  of  coordinates  (Fig. 3a)  and  change 
to  V in  the  ship-bound  system  of 
coordinates.  No  boundary  layer  of  that 
kind  is  formed  when  the  method  of  double 
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models  is  used  (Pig. 3b).  If  two 
stationary  screens  are  used  (Pig. 3c) 
instead  of  two  auxiliary  models,  then 
the  velocity  in  the  bound  system  of 
coordinates  at  the  boundary  characteris- 
ing the  bottom  of  the  water  basin  is 
reduced  to  sero.  The  presenoe  of  the 
boundary  layer  at  the  bottom  of  the 
water  basin  leads  to  additional  consump- 
tions of  power  due  to  the  fact  that 
additional  friction  forces  have  to  be 
overoome.  This  latter  circumstanoe 
results  in  an  additional  resistance 
acting  upon  the  hull  in  real  conditions 
of  ship's  motion  in  shallow  water.  The 
mechanism  of  transmitting  additional 
resistance  to  the  huj.1  at  not  very 
small  values  of  ^ 7j'  consists  in  the 
following.  Due  to  the  presence  of  the 
boundary  layer  at  the  wall,  the  stream- 
lines of  the  fluid  near  the  hull 
deviate  causing  the  pressure  redistribu- 
tion which  leads  to  an  increase  in  hull 
resistance.  Por  qualitative  estimation 
of  the  phenomenon,  a two-dimensional 
case  of  motion  was  used. 

An  extension  of  the  existing 
methods  of  boundary  layer  calculations 
C21  to  the  case  of  fluid  motion  in  the 
vicinity  of  the  water  basin  bottom  made 
it  possible  to  obtain  quite  simple 
relationships  for  calculation  purposes. 

The  estimated  data  of  additional 
resistance  for  the  turbulent  boundary 
layer  in  two-dimensional  flow  are 
presented  in  Pig. 3d  where  the  relative 
increase  in  the  frictional  resistance 
coefficient  is  expressed  as  a function 
of  the  maximum  induced  velocity  at  the 
water  basin  bottom. 


2.  Large  angles  of  drift 

Ship  hulls  being  streamlined  bodies  at 
small  angles  of  drift  become  bluff  at 
large  angles  of  drift.  Among  other 
features  associated  with  the  hydro- 
dynamics of  bluff  bodies  (by  a bluff 
body  usually  is  meant  one  which  has  a 
developed  flow  separation  at  the  after- 
end), let  us  note  the  cellular  pattern 
of  the  velocity  and  pressure  distribu- 
tions in  the  boundary  layer  separation 
zone  and  a significant  change  in  the 
resistance  coefficient  with  the  increase 
of  Reynolds  number  in  the  critical  and 
supercritical  regions  of  flow.  As  these 
phenomena  are  from  the  qualitative  point 
of  view  only  slightly  dependent  on  the 
shape  of  ship  frames , they  can  be 
considered  with  a circular  cylinder 
taxen  as  an  example. 


2.1.  The  three-dimensional  flow 

pattern  in  the  separatlon~area 

The  measurements  of  pressure  distribu- 
tion along  the  generatrix  of  the 
circular  cylinder  in  the  case  of  trans- 
verse flow  (Pig. 4a)  enable  one  to  note 
the  following  interesting  facts  in  the 
front  part  of  the  cylinder  (0  < #■<  70°) 
and  in  the  stagnation  region 
(140°<  & <:  180°)  the  pressure  along 
the  generatrix  remains  practically 
constant,  while  the  pre-separation  area 
and  the  area  of  separation  (90^c  130°) 

are  characterised  by  a considerable 
regular  non-uniformity  of  pressure  along 
the  generatrix.  Por  some  values  of  & 
the  amplitude  of  pressure  variation 
reaches  the  value  of  velocity -head. 


In  connection  with  the  discussion 
of  additional  resistance  associated 
with  the  occurrence  of  boundary  layer 
at  the  water  basin  bottom,  it  is 
interesting  to  oompare  the  relative 
increase  in  the  viscous  resistance 
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obtained  t>y  in*  double-model  method 
described  stove  *i th  the  one  gained 
during  ship  model  tents  (3)  in  the 
shallow  water  basin  fig. Je).  Prom  the 
Figure  it  is  obvious  mat  there  is  a 
noted  increase  in  reelstar.ne  obtained 
during  the  tests  in  the  teslii  as 
compared  to  the  double-nedel  teats. 

Thus  when  estimating  the  ship 
viscous  resistance  in  shallow  water 
using  the  double-model  method,  it  ie 
necessary  to  take  into  account  the 
additional  resistance  associated  with 
the  occurrence  of  the  boundary  layer  at 
the  water  basin  bottom. 


The  visualisation  of  flow  lines  in  the 
separation  area  (Pig. 4b)  on  the  cylinder 
using  dyes  also  shows  a prominent 
periodicity  of  flow  along  the  span. 

The  periodicity  of  flow  remains  in  the 
presenoe  of  boundary  (Pig. 4c).  With  a 
decrease  in  the  angle. of  drift  from 
/>  = 90°  to  j3  m so0  the  non- 
uniformity gradually  vanishes.  Due  to 
the  non-uniformity  in  pressure  distribu- 
tion along  the  generatrix  of  the 
cylinder  in  case  of  the  transverse  flow, 
the  method  of  experimental  evaluation  of 
its  resistance  coefficient  using  the 
pressure  distribution  across  a single, 
usually  middle  section  seems  to  be 
unsubstantiated.  As  the  experimental 
data  processing  shows,  the  local  resist- 
ance coefficient  Cx0  ..varies  on  the 
cylinder,  for  • 10b,  in  the  range 
of  0,28  < Cx,  < 0,55. 

n order  to  explain  the  phenomenon 
ir.'Ur  '-.onelderation  a hypothesis  was 
•et  up  in  Ref. [4]  that  the  non- 
uni rrwity  in  the  separation  area  is 
associate):  with  the  non -uniformity  of 
the  boundary  taper  transition  to 
turbulonoe.  r verify  this  assumption 
experiments  were  erried  out  with 
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tufts  [ 5 J for  flow  visualisation  in  the 
arsa  of  separation  on  the  cylinder  under 
auborltical  flow  conditions  when  the 
boundary  layer  was  fully  laminar  down  to 
the  point  of  separation.  The  subcritical 
flow  pattern  was  checked  by  measuring 
pressure  across  several  transverse 
sections  along  the  oylinder  length.  A 
well  pronounced  cellular  pattern  for 
-W-  ■ C^|-  In  the  suberitloal 

flow  conditions  (the  crisis  would  begin 
at  3.3x10^,  J)  m diameter  of 

cylinder)  indicates  that  the  hypothesis 
suggested  in  Ref. C4 J is  invalid. 

To  find  out  the  physical  mechanism  of 
the  initiation  of  three-dimensional 
flow  in  the  separation  area  let  us 
consider  the  fluid  streamlines  in  the 
vicinity  of  the  point  of  flow  separation 
(Pig. 5).  At  the  point  of  boundary 
layer  separation  the  dividing  stream- 
line AB  forms  an  angle  V with  the 
plane.  The  amount  of  this  angle  is 
determined  by  the  expression  [63 

Therefore,  the  flow  lines  in  the  region 
of  the  boundary  layer  separation  will 
always  be  concave  even  for  a convex 
streamlined  contour  (because  the  angle 
V'  is  taken  from  the  tangential  plane). 
This  leads  to  a situation  in  the 
separation  area  which  is  favourable  for 
the  development  of  nonsteady  flow  of 
the  Oertler  vortex  type. 

On  the  basis  of  the  well-known 
expressions  for  the  Oertler  number, 

Ref. [73,  we  obtain  for  long-wave 
disturbances  ( aC.  - </  , 

where  A - wave  length  of  disturbances 
and  o - thickness  of  boundary  layer) 
the  following  formula 

A 500  Afc  * 

27  ” (if  *#,)**  , t1) 


where  the  constant  coefficient  is  taken 
on  the  assumption  that  the  left  side 
coincides  with  the  experimental  data 
at  /?„-  10*. 

The  calculations  made  by  using 
formula  (1)  are  represented  by  curve  I 
in  Pig. 5b.  The  same  Pigure  shows  the 
test  data  on  Vp  taken  from  Refs.  f4], 
[103,  [11],  [12],  as  well  as  the  experi- 
mental points  plotted  on  the  basis  of 
the  results  of  tests  carried  out  at  the 
KSRI  aerodynamic  tunnel.  It  should  be 
noted  that  there  is  a satisfactory 
qualitative  agreement  between  the 
relation  (1)  and  the  experimental  data. 
This  latter  circumstance  confirms  in 
our  opinion  the  validity  of  the 
proposed  physical  interpretation  of  the 
three-dimensionality  of  flow  in  the 
separation  area.  Owing  to  an  ambiguous 
dependence  of  the  Girtler  parameter  6 
( Pig. 5c ) an  wave  number  o C , in  addition 


to  long-wave  disturbances  ( « 1)  for  a 

given  value  of  6 there  must  also  be 
short-wave  disturbances  at  large  values 
of</  . Using  the  same  quantities  as  for 
the  calculation  of  long-wave  disturb- 
ances, we  can  obtain  similarly  to 
formula  (1) 

-£-~J.03/fe/i( /+$-)*  • (2) 


The  comparison  between  the  results 
calculated  by  formula  (2)  and  the  experi- 
mental datavfe presented  in  Plg.5d  shows 
a qualitative  agreement  existing  between 
the  character  or  variations  in  short- 
wave disturbances  upon  the  Increase  in 
Reynolds  number.  The  quantitative  agree- 
ment between  the  theory  and  the  experi- 
ment will  be  much  better  if  in  the  cause 
of  calculations  the  values  U , 5 
characteristic  of  the  mean  flow  in  the 
separation  area  are  baaed  on  the  experi- 
mental rather  than  calculated  data  of 
the  boundary  layer  on  the  cylinder  with 
a potential  pressure  distribution  along 
itB  surface. 


2.2.  Reynolds  number  effect  on  ship 
hydrodynamic  characteristics 
at  large  angles  of  drift 


When  the  ship  model  is  streamlined  at 
large  angles  of  drift  some  critical 
phenomena  are  observed  in  the  behaviour 
of  hydrodynamic  coeffielents.  These 
phenomena  are  well  known  for  a circular 
oylinder  in  the  oase  of  a transverse  flar 
(?Jg£a).  They  are  oommcn  to  various  bodies 
both  in  unlimited  fluid  flow  and  close 
to  the  solid-liquid  lnterfaoe  (Pig. 6b). 


The  displacement  of  the  lines  of  the 
boundary  layer  separation  is  responsible 
for  a scale  effeot  associated  with  sharp 
variations  in  the  hydrodynamic  coeffici- 
ents at  large  angles  of  drift  within  the 
critical  none.  If  using  one  or  another 
method  one  manages  to  dispose  the  lines 
of  flow  separation  at  test  conditions  in 
aerodynamic  tunnel  in  the  same  manner  as 
they  are  disposed  at  full-soale  test, 
the  total  hydrodynamic  characteristics 
will  give  a closer  approximation  to  the 
real  ones. 

The  boundary  layer  separations  can  be 
controlled  by  different  methods  [ 7]  : 
varying  the  turbulence  of  the  external 
flow;  changing  the  roughness  of  the 
model  surfaces;  blowing  in/ out  the 
liquid  at  the  walls;  heating  or  oooling 
surfaoes. 

A most  simple  and  effective  mode  of 
controlling  the  separation  is,  in  our 
opinion,  a procedure  which  uses  models 
having  a roughness  produced  deliberately 
and  requires  neither  additional  arrange- 
ments nor  reconstructions  of  the  aero- 
dynamic tunnel.  One  can  have  an  idea 
about  the  effectiveness  of  this  method 
starting  from  the  data  given  in  ?ig.7a 
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where  pressure  distributions  are  shown  c 
along  a smooth  cylinder  at  Re  « 8,5*105 
and  Re  ■ 3,6*10°  and  along  a rough  one 
at  = 1.10?  ( = 4,5*10-3).  it 

is  seen  that  the  coincidence  of  the  flow 
separation  points  obtained  by  making  the 
surface  rougher  results  practically  in  a 
full  identity  of  pressure  diagrams. 
Naturally  the  roughness  of  the  surface 
causes  considerable  changes  in  the 
distribution  of  friction  along  the  body. 
However,  as  the  experiments  showed  [14J  , 
even  being  the  roughness  very  marked 
( -ff-  * the  portion  of  the 

surface -friction  resistance  does  not 
surpass  3%  of  the  total  resistance  at 
R*~  103. 


The  main  problem  arising  when  the  method 
of  a roughness  produced  deliberately  is 
used  consists  in  selecting  ratios  of 
for  given  conditions  of  model 
testing.  Strictly  speaking,  for  each 
model  and  each  angle  of  drift  a selection 
of  Ka  may  be  realized  only  when  the 
hydrodynamic  characteristics  of  a full- 
scale  ship  and  of  a model  are  known  at 
different  values  of  Ke  , Naturally, 
the  validity  of  such  a lab our -consuming 
accurate  selection  of  Rs  from  data  of 
the  experiment  is  minimal.  That  is  why 
an  approximate  experimental  method  of 
selecting  values  of  the  roughness  Rf 
was  proposed  based  on  the  known  experi- 
mental data  for  rough  circular  cylinders. 

The  systematic  trials  [ 14],  [15J,  [16]  as 
well  as  experiments  carried  out  at  the 
Krylov  Ship  Research  Institute  made  it 
possible  to  formulate  the  relation 
Cx,~C*,(Re,  -jf)  for  circular 
cylinders  shown  In  Pig. 7b. 


The  trend  of  curves  Cx,  * Cx,  (Re)  at  the 
fixed  value  of  Ka/jt  evidences  the 
possibility  of  selecting  such  a ratio  of 
Re  at  a given  number  *3/n  t which  will 
give  a necessary  value  Cx,  correspond- 
ing to  a smooth  circular  cylinder  resist- 
ance in  the  transcritlcal  area 
( Cx.  = 0,6*0, 7). 


The  ambiguous  dependence  Re  = Re  (Cx.) 
taken  into  account,  the  use  of  the  right 
branches  of  curves  Cx,  - Cx.  (Re) 
should  be  recommended,  because  the  flow 
regime  in  the  separation  area  is  kept 
more  persistent  in  the  region  of  the 
ascent  Cx,  than  in  the  region  of  the 
descent  C x,  of  the  curve. 


Disposing  of  the  information  given  above 
one  can  formulate  a relation  K%/j)  -f  (Re) 
which  makes  it  possible  to  define  a 
desired  value  of  the  relative  roughness 
(Fig.8).  This  relation  gives  a 
resistance  coefficient  value  correspond- 
ing to  the  transcritlcal  value  of  the 
full-scale  ship  at  Reynolds  number  we 
dispose  (the  number  Re  whioh  may  be 
obtained  at  a given  experimental  plant). 

In  connection  with  the  above -proposed 
method  using  a value  of  the  roughness 


produced  deliberately  with  a view  to 
simulate  transverse  flows  for  cylindrical 
bodies  at  transcritlcal  Reynolds  numbers 
it  1b  appropriate  to  mention  the  work 
published  recently  [173. 

A comparison  between  hydrodynamic 
characteristics  of  a full-scale  river- 
service  ship  (the  lines  drawing  of  which 
is  given  at  Pig. 9a)  and  the  character- 
istics of  its  smooth-  and  rough-surface 
models  obtained  in  aerodynamic  tunnel  is 
presented  at  Pig. 9b. 

The  procedure  of  the  full-scale  testing 
can  be  seen  at  Pig. 9c.  By  increasing 
the  length  of  the  principal  towline  it 
was  possible  to  avoid  any  influence  the 
presence  of  the  tow  exerted  upon  the 
flow  nearby  the  ship  on  a line.  By  vary- 
ing the  towline  lengths  na"  and  "b" 
different  angles  of  drift  relative  to 
the  ingoing  flow  were  obtained.  The 
angles  of  drift  and  velocities  of  the 
flow  were  recorded  by  devices  fixed  on  a 
bar  put  forward  on  the  bow  of  the  towed 
ship.  The  tension  of  the  towline  was 
measured  by  a dinamometer  located  at  a 
tow  and  recorded  on  a magnetic  tape. 

The  heel  of  the  towed  ship  was  balanced 
with  the  help  of  weights  transported  in 
a special  carriage  moved  along  the  deck. 
Given  the  geometrical  parameters  of  the 
towing  system,  the  towline  tension  and 
the  velocity  of  the  flow  V = 2 m/sec, 
it  is  not  difficult  to  estimate  the 
components  of  the  hydrodynamic  forces  X 
and  y . When  calculating  the  coeffici- 
ent Cy  (Pig. 9b),  the  area  of  the  sub- 
merged part  of  the  center  plane  was 
chosen  as  a representative  one. 

The  data  given  at  Pig. 9b  indicate  that 
the  test  results  for  a rough-surface 
model  correlate  fairly  well  with  the 
results  of  the  full-scale  ship  experi- 
ment. 
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Fig.  1:  (a)  nn  drawing  of  th«  model 
Lu  - 2.21  m 
B - 0.26  m 
T - 0.07  m 

(b)  Tast  modal  procedure  in  the  aerodynamic  tunnel 

(c)  Coordinate  tyitem 
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F\f.  3:  Procadurai  of  tha  modal  tnt<  nnr  tha  tolidliquid  Intarfaca  (a,  b.  c). 

IncraaM  In  tha  modal  raalitanca  dua  to  tha  praianca  of  tha  boundary  I 
layar  at  tha  tunnal  wall  Id.  a);  B - 0;  a - tail  data  (aarodynamic 
tunnall;  o - data  from  [31 . 
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Fig.  7:  The  resistance  of  the  cylinder  and  the  distribution  of  pressures 
along  Its  surface  of  different  values  of  roughness: 

fa  • 0.  Re  * 3.8  X 104; 

$ - 0.  RE  - 8.6  X 10s; 

• — g*  - 4.6  X 10-*,  Re  - 1 X 105. 


Fig.  8:  The  relation  !Sf  • f (R*l  obtained  from  experiments  with  circular 
cylinders. 


® IMechE  1977 


702 


VII. 69 


Fig.  9:  (■)  Ship  Him  drawing: 

Lu  • 21.9  m, 

8 ■ 3.6  m, 

T - 0.46  m. 

(b)  Modal  tait  multi 

K 2VT 

-f*  0,  R»  ■ 2.4  X 10s; 

10"1,  R«  - 2.4  X105; 

•nd  full-teal*  ship  t*tt  multi  •-  R*  - 2.7  X 10‘. 
le)  Th*  ikatch  of  towing. 


Discussion  on  Paper  by  I.  W.  Dand 


R.W.  YEUNG 

I wish  to  congratulate  Dr.  Dand  for  presenting 
to  us  such  an  extensive  series  of  experimental 
results  related  to  the  interaction  of  vessels 
in  each  other's  proximity.  These  experiments, 
the  need  for  which  is  long  overdue,  will 
provide  us  with  important  information  for 
correlating  or  validating  the  various  models 
in  theoretical  work,  as  well  as  shed  a substan- 
tial amount  of  light  on  hydrodynamics  of  the 
subject  matter. 

I have  the  following  comments  to  offer  con- 
cerning the  two-dimensional  moael  used  by  the 
author.  At  the  onset,  one  can  perhaps  suspect 
the  following  deficiencies  will  occur:  Since 
the  mathematical  model  consists  essentially  of 
a vertical  strut  for  the  representation  of  the 
hull,  it  will  overpredict  the  interaction 
forces,  for  most  ships  are  far  from  being  wall 
sided.  The  fact  that  there  is  a bottom  clear- 
ance, suggests  these  bodies  should  be  treated 
as  porous  bodies  rather  than  as  inpenetrable 
objects.  Otherwise,  the  prediction  will  be  off 
quantitatively  by  one  order  of  magnitude. 
Furthermore,  the  introduction  of  a two- 
dimensional  model  as  such  will  lead  to  two 
degrees  of  indeterminancies  in  the  problem. 

These  being  that  to  render  the  solution  unique, 
one  must  now  apply  two  Kutta  conditions  at  the 
trailing  edges  of  these  bodies.  However,  it  is 
by  no  means  obvious  that  these  conditions  are 
valid,  since  the  hull  behaves  more  like  a low 
aspect-ratio  lifting  surface  than  a wing.  A 
strong  Kutta  condition  is  far  from  being  the 
ideal  condition. 

It  appears  to  this  discusser  that  any  reasonable 
quantitative  prediction  requires  the  solution  of 
the  hydrodynamic  problem  of  the  flowfield  that 
takes  into  account  the  sectional  characteristics 
of  the  hull. 

At  MIT,  we  have  been  working  on  a slender-body 
model  for  shallow-water  interaction.  In  this 
model  one  sees  at  a typical  section  both  hulls 
and  their  interaction  in  the  cross-flow  plane 
can  be  properly  accounted  for.  This  straightly 
potential-flow  model  does  not  include  free- 
surface  effects  nor  any  separation  drag.  It 
yields  reasonably  good  quantitative  agreement 
with  experimental  data  obtained  by  Dr,  Dand  for 
a tug-cargo  ship  combination.  The  discusser 
concurs  with  Dr.  Dand's  conclusions  that  the 
effects  of  free  surface  are  important,  particu- 
larly in  very  shallow  water,  and  that  the 
appendages  play  an  important  role  in  the  inter- 
action. It  is  because  of  this  latter  physical 
phenomenon  that  one  should  try  to  account  for 
the  hull  geometry  in  a more  detailed  fashion. 


Author’s  Reply 


The  author  thanks  Professor  Yeung  for  his 
kind  remarks  and  is  glad  to  hear  that  the 
results  presented  in  the  paper  are  of  use  in 
verifying  existing  and  future  theoretical 
work . 

Professor  Yeung's  points  about  the  deficien- 
ces  of  the  two-dimensional  theory  mentioned  in 
the  paper  are  well-made,  but  it  must  be 
emphasised  that  the  theory  was  used  principally 
to  guide  the  experiments  and  therefore  served 
to  highlight  those  aspects  of  the  study  which 
deserved  closer  study.  It  is  perhaps  worth 
mentioning  in  passing  however  that  for  the 
Tug/Ship  case,  inclusion  of  circulation  in  the 
theory  has  proved  to  be  essential  whereas  for 
models  A and  B the  effect  of  its  inclusion  is 
less  spectacular  - in  fact  the  sideforce 
measurement  and  theory  show  rather  poorer 
quantitative  agreement  with  measurement  when 
circulation  is  included  than  when  it  is  not. 

But  it  seems  to  the  author  that  it  is  of  great 
importance  to  be  able  to  predict  turning 
moment  accurately  in  shallow  water  rather  more 
than  sideforce.  For  this  it  is  apparent  that 
the  inclusion  of  circulation  does  little  to 
improve  agreement  between  theory  and  measurement ; 
one  solution  may  be  to  include  a more  detailed 
analysis  of  the  effects  of  hull  geometry  and 
for  this  reason  the  results  of  the  MIT  calcula- 
tions, mentioned  by  Professor  Yeung,  are 
eagerly  awaited. 
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Discussion  on  Paper  by  M.  Fujino 


A.M.J.  DAVIS 

When  the  rectangular  cylinder  heaves  at  high 
frequency,  it  has,  to  first  order,  no  wave- 
making  effect,  a fact  which  can  be  exploited  to 
show  anyalytically  that  the  term  of  order  1 in 
the  potential  is  wave-free.  It  is,  of  course, 
the  limit  potential  obtained  by  letting  K -*■  <» 
in  the  free  surface  boundary  condition,  as  the 
author  does  for  his  infinite  frequency  calcula- 
tions. It  should  be  pointed  out  that  there  is 
at  least  one  geometry,  of  comparable  interest  in 
ship  design,  for  which  this  limit  potential  and 
hence  the  added  mass  can  be  calculated  explici- 
tly. 

Suppose  the  cylinder  and  channel  have  circular 
boundaries  which  are  such  that  they  have  vert- 
ical tangents  at  the  free  surface.  Then,  in 
agreement  with  Fujino,  it  is  found  (Ref  ll*)  that 
the  addition  to  the  virtual  mass  coefficient  due 
to  the  restricted  water,  i.e.  its  difference  from 
1,  is  small  except  for  extreme  deviation  of  the 
cylinder  from  the  centre  of  the  channel.  For 
this  asymptotic  result,  it  has  to  be  assumed 
that  the  forced  (high)  frequency  is  not  close  to 
one  of  resonance  of  the  water  on  either  side  of 
the  cylinder.  Analogous  results  can  be  obtained 
for  two  circular  cylinders  in  infinite  fluid. 

Preparation  of  similar  work  on  the  corresponding 
axisymmetric  problems  - snhere  in  hemispherical 
lake , sphere  near  a wall  or  two  spheres  in 
infinite  fluid  - is  now  complete. 
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J.N.  NEWMAN 

Professor  Fujino's  numerical  solution,  for  the 
added-mass  coefficients  of  a rectangular 
cylinder  in  a canal,  provides  a welcome  oppor- 
tunity to  test  some  of  our  analytical  approxi- 
mations for  the  same  problem.  Our  theory  shown 
by  the  dashed  lines  in  Figures  U and  6 is  based 
on  a simple  image-dipole  representation  of  the 
canal  walls , and  this  approximation  is  expected 
to  break  down  as  the  horizontal  clearance 
between  the  body  and  the  nearest  wall  becomes 
small.  On  the  other  hand,  this  theory  should 
be  correct  asymptotically  for  large  b/a,  in 
Figure  1*,  as  well  as  for  small  5/B  and  large  w/B 
in  Figure  6.  The  differences  which  are  shown  in 
these  limits,  especially  for  small  d/c,  appear 
to  be  larger  than  between  Professor  Fujino's 
upper  and  lower  bounds , although  this  domain  is 
not  explicitly  included  in  Table  3. 


Is  it  possible  that  the  upper  and  lower  bounds 
are  effected  by  the  discretization,  and  as  such 
are  not  strict  bounds? 

Turning  to  the  opposite  limit,  where  the 
horizontal  clearance  is  small,  we  have  recently 
developed  a first-order  theory  for  this  case, 
based  on  the  method  of  matched  asymptotic 
expansions.  This  theory  includes  the  linearized 
free-surface  effects,  and  follows  a similar 
analysis  carried  out  for  the  resonant  motion 
between  two  closely-spaced  surface-piercing 
obstacles  (J.  Fluid  Mechanics,  66,  pp. 97-106). 

For  the  zero-frequency  limit,  corresponding  to 
Professor  Fujino's  Figure  U , the  new  result  is 
expressed  by  the  simple  formula 

my  = d3  + d2 

m 3ac(b-a)  c(d-c) 

This  is  valid  to  leading  order  in  the  small 
parameters  (b-a)  and  (d-c).  Similar  expressions 
can  be  given  for  the  problems  shown  in  Figures 
6,7,  and  8.  In  all  cases  the  accuracy  appears 
satisfactory  for  d/c  equal  to  1.05  or  1.1,  but 
the  error  in  our  approximation  appears  to  be 
significant  for  deeper  water.  We  anticipate  that 
a second-order  theory  will  improve  this  situation. 


KWANG  JUNE  BAI 

The  author  should  be  congratulated  for  his 
continuing  effort  on  the  application  of  the 
hypercircle  method  in  obtaining  the  upper  and 
lower  bounds  of  the  added  mass  for  a two- 
dimensional  body  in  a canal.  Recently,  I have 
made  a similar  investigation  by  the  finite- 
element  method  based  on  the  dual  extremum  prin- 
ciples (also  known  as  dual  or  complimentary  vari- 
ational principles).  I have  computed  the  lower 
and  upper  bounds  of  the  heave  added  mass  for  the 
zero  and  infinite  frequency  limits  in  water  of 
finite  depth  (Ref. 15).  Some  of  these  results 
are  given  in  my  discussion  of  the  paper  by  Sayer 
and  Ursell  in  this  Proceedings. 

I have  applied  this  method  to  the  restricted- 
water  problem  which  is  considerably  simpler  than 
the  unbounded-water  problem  (Ref.l6).  Some  of 
my  numerical  results  for  the  restricted-water 
problem  will  be  presented  here  and  compared  with 
the  author's  results.  I have  found,  contrary  to 
the  author,  that  the  upper  and  lower  bounds  can 
be  obtained  more  easily  and  with  better  accuracy 
by  the  finite-element  method  than  by  the  hyper- 
circle method. 


© IMechE  1977  706 


r 


In  this  discussion  y^  denotes  the  sway  added 
mass  in  the  zero-frequency  limit,  or  that  of  the 
zero  Froude  number  limit  for  horizontal  trans- 
lation motion.  This  can  also  be  interpreted  as 
the  heaving  added  mass  of  the  infinite  frequency 
limit  by  rotating  all  of  the  boundary  configur- 
ations by  90  degrees  when  the  geometry  is 
symmetric  with  respect  to  the  y-axis.  However, 
the  zero  limiting  frequency  problem  is  ill- 
posed  when  the  floating  body  is  heaving  in 
restricted  water.  Ug  denotes  the  sway  added 
mass  in  the  infinite  frequency  limit,  or  the 
added  mass  of  a floating  cylinder  translating 
in  the  horizontal  direction  at  an  infinite 
Froude  limit.  In  this  numerical  method,  there 
is  no  restriction  on  the  body  or  the  canal 
geometries . 

I have  computed  the  upper  and  lower  bounds  of 
y^  and  Ug  for  four  different  body  geometries ; 
a rectangular  section,  a triangular  section, 
a circular  section,  and  a Lewis  form  (nearly 
rectangular)  section,  all  in  a rectangular 
canal,  with  half-width  b and  depth  d.  The 
nomenclature  for  the  body  and  geometry  is  the 
same  as  used  by  the  author.  The  eight-node 
isoparametric  quadrilateral  element  was  used, 
and  the  entire  fluid  domain  was  subdivided  into 
from  18  nodes  to  approximately  1*00  nodes  depen- 
ding on  the  specific  problem.  The  relative 
error  here  is  defined  as  the  difference  of  the 
upper  and  lower  bounds  divided  by  their  sum, 
since  the  solution  may  be  best  approximated  as 
the  mean  value  of  the  upper  and  lower  bounds. 

Table  1 shows  the  convergence  of  the  numerical 
results  by  testing  several  different  numbers 
of  total  nodes  in  the  entire  fluid  for  a rec- 
tangular section  at  the  centre  of  the  c nal. 

In  this  specific  case.  Table  1 shows  that  a 
good  approximate  solution  for  and  U 2 can  be 
obtained  within  1 percent  error  relative  to  the 
true  solutions,  even  by  taking  only  three 
elements  (l8  nodes).  When  20  elements  (25  nodes) 
are  taken,  the  relative  errors  in  and  Vg 
are  less  than  0 . U and  0.3  percent,  respectively. 

Table  2 shows  the  added  masses  y^  and  up  of  a 
triangular  section  (half  beam  a and  draft  c)  at 
the  centre  of  the  canal.  Our  results  are  com- 
pared with  the  results  obtained  in  a previous 
paper  by  the  author  (Ref. 3).  As  shown  in  Table 
2,  the  results  by  the  finite-element  method  are 
far  more  accurate  than  those  obtained  by  the 
hypercircle  method. 

Table  3 shows  the  added  masses  y-^  and  yg  of  a 
rectangular  section  at  the  centre  of  the  canal. 
Our  results  are  compared  with  those  obtained  by 
the  author.  It  is  seen  that  the  results  by  the 
finite-element  method  are  more  accurate  than 
those  of  the  author.  The  relative  errors  in  our 
results  are  one  order  of  magnitude  less  than 
those  in  the  author's  results.  It  is  of 
particular  interest  to  note  that  the  lower  bound 
of  y^  for  b/a  = 5,  d/c  = 5,  in  our  results  is 
1.28362  with  an  error  of  0.1  percent  whereas 
that  in  the  author's  results  is  1.152  with  an 
error  of  10  percent.  Our  numerical  results 
seem  to  indicate  that  his  lower  bound  of 
h-p  1.152  is  less  accurate  than  the  lower  bound 
value  obtained  by  the  finite-element  method. 


However,  the  author  made  some  misleading  remarks, 
based  on  the  comparison  between  his  lower 
bound  value  of  1.152  and  the  exact  added  mass 
coefficient  of  1.186  obtained  by  Lewis  for  an 
infinite  fluid.  It  is  not  obvious  to  me  that  the 
lower  bound  value  of  the  added  mass  in  a canal 
with  b/a  = 3 and  d/c  = 5,  should  be  the  same  as 
the  lower  bound  value  in  an  infinite  fluid.  The 
author  also  concluded  from  this  comparison  that 
the  lower  bound  in  his  method  is  a good  approxi- 
mate value  of  the  true  solution  and  hence  he  com- 
puted only  the  lower  bound  for  yg.  I do  not 
understand  how  the  author  can  make  such  a con- 
clusion, since  it  is  not  known  whether  the  true 
solution  is  closer  to  the  lower  bound  or  the 
upper  bound.  However,  the  author  states  that 
the  greatest  advantage  of  the  hypercircle  method 
over  other  methods  is  to  obtain  the  upper  and 
lower  bounds. 

The  author  has  not  given  any  results  for  curved 
bodies  so  I have  included  in  Tables  U and  5 the 
results  for  both  a circular  section  (with  radius 
a)  and  a Lewis  form.  For  these  results,  it  is 
seen  that  the  relative  errors  are  also  small. 

Table  6 shows  the  added  masses  of  a rectangular 
section  at  different  off-center  locations  in  a 
canal.  The  author  made  comparisons  between  his 
results  and  Newman’s  analytic  result  for  the  off- 
centre  case  showing  that  there  is  a considerable 
discrepancy  even  in  the  range  of  £/B  from  0 to 
0.7.  Our  results  reveal  that  the  author's 
results  ai'e  less  accurate  than  the  results  by 
Newman's  formula  in  the  range  of  £/B  from  0 to 
0.7  as  also  shown  in  Figure  9.  In  view  of  the 
accuracy  of  our  results  for  the  Case  of  d/c  = 

1.05  and  W/B  =2.5,  where  relative  errors  are 
approximately  1 percent,  it  is  apparent  that  the 
author's  results  are  considerably  lower  than  the 
true  value. 

Table  7 shows  results  for  a rectangular  section 
in  a canal  with  only  a single  wall.  The  added 
mass  yg  for  d/c  = 1.05  and  for  n/B  « 0.3  is 
accurate  within  0.6  percent  in  our  results.  It 
is  also  found  that  the  results  of  the  author  are 
slightly  lower  than  the  lower  bound  of  our 
results.  In  concluding,  I would  like  to  raise 
these  two  questions: 

(1)  The  author  states  that  his  method  is  in 
principle  equally  applicable  to  any  body 
geometry.  However,  it  seems  to  me  that  this 
approach  is  more  difficult  for  non-rectangu- 
lar  shapes  than  for  a rectangular  section  due 
to  the  difficulty  involved  in  representing 
the  analytic  trial  functions  in  the  global 
coordinate  system.  In  the  finite-element 
method,  any  complex  body  and  canal  geometry 
can  be  accomodated  as  easily  as  a rectangular 
geometry.  I would  like  to  ask  the  author  if 
he  has  any  thoughts  with  regard  to  the  appli- 
cation of  his  method  to  non-rectangular 
geometry,  for  instance,  a circular  section. 

(2)  I would  also  like  to  know  how  the  upper 
bound  for  yg  can  be  computed  by  the  hyper- 
circle method. 
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Author’s  Reply 


A.M.J.  DAVIS 

I am  very  glad  to  hear  from  Dr.  Davis  that  in 
agreement  with  me,  he  gets  a similar  conclusion 
regarding  the  effects  of  the  restricted  water 
on  the  added  mass  of  a two-dimensional  body 
oscillating  normally  to  the  free  surface; 
the  added  mass  of  a heaving  cylinder  in  the 
channel  is  not  so  much  affected  except  for 
extreme  deviation  of  the  cylinder  from  the 
center  of  the  channel.  I look  forward  to 
hearing  more  of  new  analytical  work  on  this 
subject  in  the  near  future,  which  Dr.  Davis 
has  completed. 

J.N.  NEWMAN 

I am  very  grateful  for  the  interesting 
discussion  of  Prof.  Newman  who  has  suggested 
a simple  formula  by  which  the  effects  of 
restricted  waters  on  the  added  mass  of  a 
rectangular  cylinder  can  be  evaluated. 

Concerning  the  differences  between  the  added 
mass  coefficients  obtained  by  Prof.  Newman's 
formula  (62)  and  those  by  my  calculation,  which 
are  shown  in  Figures  k and  6,  I agree  with 
Prof.  Newman's  opinion  that  his  formula  is 
correct  asymptotically  for  large  b/a,  in 
Figure  t,  as  well  as  for  small  C/B  and  .large 
W/B  in  Figure  6.  Because  the  accuracy  of 
lower  bounds,  which  are  plotted  in  Figures 
1),6,7  and  8,  becomes  poorer  as  the  fluid 
domain  increases  remarkably,  although  the 
accuracy  of  lower  bounds  is  far  better  than 
that  of  upper  bounds. 

Here,  it  must  be  pointed  out  that  it  is  possible 
to  bring  the  upper  bound  as  close  to  the  exact 
value  of  the  added  mass  as  we  want  by  increas- 
ing the  total  number  of  grid-points  to  divide 
the  fluid  domain  into  a net  of  rectangular 
meshes,  and  it  is  also  possible  to  bring 
the  lower  bound  as  close  to  the  exact  value  as 
we  want  by  increasing  the  k-parameter  of 

-vectors  in  case  of  canal  center  translation. 
However,  it  is  impossible  to  increase  the 
number  of  grid-points  and  the  k-parameter 
infinitely,  since  tfcu  accuracy  of  solutions  of 
the  simultaneous  linear  equations  ( 18 ) and  (19) 
breaks  down  because  the  matrix  of  coefficients 
of  the  unknowns  aj's  and  b^'s  becomes  nearly 
singular.  Furthermore,  another  remark  should  be 
added:  In  this  paper,  the  lower  bounds  have 
been  exclusively  used  to  demonstrate  the 
effects  of  restricted  waters  on  the  added  mass 
because  of  less  accuracy  of  the  upper  bound. 

But  this  is  not  an  essential  nature  of  the 
hypercircle  method.  Less  accuracy  of  the  upper 
bound  is  due  to  my  inappropriate  choice  of 
Ij-vectors.  Namely,  the  Ij-vector  used  in  this 


paper  is  just  one  of  infin  ite  candidates  of 
I^-vectors.  Therefore,  it  is  possible  to  improve 
the  accuracy  of  upper  bounds  by  selecting 
another  adequate  form  of  the  Ii-vector. 

In  Figure  10,  which  is  a duplicate  of  Figure  4 
and  will  be  shown  below,  is  plotted  Prof.  Newman's 
new  formula  which  provides  numerical  values  of 
the  lateral  added  mass  for  canal  center  trans- 
lation. The  chain  lines  connecting  the  circular 
points  represent  the  new  formula.  For  the  con- 
venience of  comparison,  besides  the  numerical 
values  obtained  by  the  new  formula,  the  upper 
and  the  lower  bounds  which  are  shown  in  Table  3, 
are  written  in  for  some  of  the  circular  points. 

From  comparing  the  numerical  values  obtained  by 
the  new  formula,  which  are  underlined,  with  the 
corresponding  upper  and  lower  bounds , it  can  be 
said  that  Prof.  Newman's  new  formula  overestimat- 
es the  effects  of  restricted  waters  especially 
for  large  d/c. 

KWANG  JUNE  BAI 

I express  my  gratitude  to  Dr.  Bai  for  letting  me 
know  his  fine  numerical  results  of  the  upper 
and  lower  bounds  of  the  added  mass,  which  are 
computed  by  the  finite  element  method  based  on 
the  dual  extremum  principles. 

Concerning  the  discrepancy  between  the  sway 
added  mass  coefficients  obtained  by  Prof. 

Newman's  analytical  formula  and  by  my  method, 
which  is  shown  again  by  Dr.  Bai  in  Figure  9, 

I think  that  my  calculation  is  less  accurate  for 
small  C/B  in  Figure  6,  as  I have  replied  to 
Prof  Newman's  discussion.  Besides,  I agree  with 
Dr.  Bai's  opinion  that  the  finite  element  method 
is  easier  to  be  applied  for  non-rectangular 
geometry. 

In  case  of  canal  center-line  oscillation,  I have 
tried  to  compute  the  upper  bound  for  sway 
added  mass  in  the  infinite  frequency  limit  by 
using  the  same  1^  vectors  as  those  used  for  sway 
added  mass  in  zero  frequency  limit,  that  is  to 
say,  the  I;  vectors  defined  by  the  equations 
(1)1)  to  (1)5).  Needless  to  say,  an  arbitrary 
vector  of  v space,  that  is  to  say,  p vector 
should  be  different  from  that  for  the  zero 
frequency  limit.  As  a result  of  a few  numerical 
calculations,  it  is  proved  that  the  accuracy  of 
the  upper  bounds  for  pg  obtained  thus  is  not  so 
good.  However,  it  is  possible  to  improve  the 
accuracy  of  the  upper  bounds  if  we  replace 
vectors  and  p vector  with  different  ones  chosen 
adequately. 
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Node 
Numbe  r 

l»l/2pac 

u2/2pac 

Lower  Bound 

Upper  Bound 

Error 

Lower  Bound  Upper  Bound 

E rror 

18 

26.83240 

27.34294 

0.00939 

4. 1 8542 

4.22368 

0.00455 

28 

26.937*15 

27.33688 

0.00734 

4 . 19420 

4.22339 

0.00347 

41 

27  - 04602 

27.32708 

0.00517 

4.20218 

4.22267 

0.00243 

IS 

27 . 0 704  3 

■ 

27.30346 

0.00428 

4.20404 

4.22097 

0.00201 

Table  1 The  ••  • laet  on  the  convergence  of  ^i  .and  « of  a rectangular  cylinder  in  a canal  (a/c  = 1,  b/a  = 1.05, 

d/c  1.05 


b/a 

‘ " " — ■ - ■ j 

li ! /pac 

u 2 / P • c j 

Lower  Bound 

Upper  Bound 

Error 

Lower  D'j  pper  Bound 

Error 

1 .05 

2.21 4296 

(2.185) 

2 .24059  1 

(2.4345) 

0.0059 

(0.054) 

1.141291 

186527 

0.0194 

1 . 1 

2 . 165025 

(2.1 39) 

2.191148 

(2.3795) 

0.0060 

(0.0532) 

1 .029996 

1.062101 

0.0154 

1 .2 

2.099719 

(2.0765) 

2 .125655 

(2.308) 

0.0062 

(0.0528) 

0.921227 

0.947102 

0.0111 

1.3 

2.060161 

(2.038) 

2 .085992 

(2.265) 

0.0062 

(0.0528) 

0.864646 

0.888730 

0.0137 

1 .5 

2.019459 

( 1 .999) 

2 . 045 1 9 1 

(2.2215) 

0 . 0063 

(0.05248) 

0 . 804854 

0.828339 

0.0144 

2 . 0 

1 .993443 
( 1.960) 

2.019169 

(2.205) 

0.0064 

(0.0588) 

0 . 748060 

0.773977 

0.0170 

2.5 

1 . 990240 

( 1 .952) 

2.016105 

(2 . 209) 

0.0065 

(0.06176) 

0.729279 

0.759396 

0.0202 

Table  2:  The  added  masses  of  a triangular  cylinder  (a/c  1,  d/c  = 1.5)  in  a canal.  (The  valves  in  the  parenthesis  are 
obtained  by  Fujino  (3)  ) 


© IMechE  1977 


710 


b/a  d/c 


1.05  1.5 


1.2  1.5 


1.3  1.5 


1.5  1.5 


2.5  1.5 


3.5  1.5 


5.0  1.5 


5.0  5.0 


/2pac 

Lower  Bound 

Upper  Bound 

Error 

9.8291(9 

9.580 

10.09428 

10.09 

0.0133 

0.0259 

6.21(970 

6.075 

6.37091 

6.370 

0.0096 

0.0237 

^ . 38057 
i( . 2 4 8 

4.41(000 

4.940 

0.0067 

0.0221 

3.75839 

3.675 

3.80126 

3.805 

0.0057 

0.0174 

3.30581 

3.253 

3.33932 

3.342 

0.0050 

0.0135 

3.05503 

2.973 

3.09371 

3.105 

0.0063 

0.0217 

3.01(699 

2.935 

3.09793 

3.112 

0.0083 

0.0293 

3.0337k 

2.895 

3.11142 

3.137 

0.0117 

0.0401 

1 . 28362 

1 . 1 5?. 

1.31182 

1 .402 

0.0011 

0.0979 

Lowe  r 


2.35926 

2.318 


I .1(2032 
I .401 


0.901(86 

0.8955 


0.71980 

0.7128 


W2/2pac 


:|.PliI.BBI|.|.T-U:MI|.n 


0.1(2908 
0 .1(209 


0.1(11(69 

0.1(102 


0.41044 

0.1(01(6 


0.38000 

0.3512 


0.1(3789 

/ 


0.1(2719 

/ 


0.1(291(5 

/ 


0.39571 

/ 


Table  3:  Tha  added  masses  of  a rectangular  cylinder  at  the  center  of  a rectangular  canal  (a/c  = 1).  (B  denotes  the 
results  by  Bai  and  F by  Fujino) 


- t 

' fans.2 

Lower  Bound 

UmiPllCB 

Error 

3.825745 

3.8291 86 

0.00045 

3.790567 

3.793783 

0 .00042 

3.788085 

3.791289 

0.00042 

3.787902 

3.791170 

0 .00042 

3.787878 

3.791104 

0.00043 

3.787856 

3.79H26 

0.00043 

3.787229 

3.791760 

0.00060 

l1 2 / 50 tt 


Lower  Bound  Upper  Boundl  Error 


u j/2pac 

. Sound  I Upper  Boundl  Error 


0.672034 

0.675308 

0 . 00243 

0.560933 

0.563956 

0.00269 

0.535095 

0 .538067 

0.00277 

0.528340 

0.531301 

0.00279 

0.526035 

0.529008 

0.00565 

0.525848 

0 .528859 

0.00285 

0.525401 

0 .529282 

0.00368 

a rectangular  canal,  (d/a  = 1.2,  a = c) 

K2 

/2pac 

Lower  Bound 

Upper  Bound 

Error 

0.498735 

0.501801 

0.00307 

0.411363 

0.414284 

0.00354 

OO 

CO 

r- 

OO 

cr\ 

O 

0.390105 

0.00380 

0.379073 

0 .382056 

0.00392 

0.375091 

0.378482 

0.00450 

0.374204 

0.378450 

0.00564 

Table  5:  The  added  masses  of  a Lewis  form  (nearly  <e«.t.  • section  at  the  center  of  a rectangular  canal, 

(a/c  = 1 . d/c  - 1 .6.  the  area  coefficient  = 0.941 ) 
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V l/pBc 

W2/pBc 

d/c 

5/B 

Lower  Bound 

Upper  Bound 

Effll 

Lower  Bound 

Upper  Bound 

Error 

0.40 

21.61 3239 

22. 166780 

0.0126 

0.566988 

0.574093 

0.0062 

21 . 789459 

22 . 223882 

0.0099 

0.801438 

0 . 807948 

0.0040 

1 .05 

0.65 

21.991502 

22.403572 

0.0093 

1 .020049 

1 .027327 

0 .0036 

0 . 70 

22.713380 

23.1M889 

0.0087 

1 .639717 

1 .650404 

0.0033 

0 . 72 

23.774386 

24 . 1 79225 

0.0085 

2.367068 

2.383094 

0.0034 

0 .74 

29 . 304004 

29.848698 

0.0092 

5.044749 

5.094342 

0.0049 

0.40 

3.091651 

3.156993 

0.0105 

0.461233 

0 . 476091 

0.0159 

1 • 5 

0.60 

3-393256 

3.463925 

0.0103 

0.590998 

0.607153 

0.0135 

0.65 

3-703790 

3 . 784876 

0.0108 

0.703193 

0.721585 

0.0129 

0.70 

4 . 6349  1 0 

4.757809 

0.0131 

1 .003221 

1 .029781 

0.0131 

0.72 

5.829749 

6.020889 

0.0162 

1.352111 

1 .392232 

0.0146 

0.74 

11.521012 

12.094877 

0.0243 

2. 861 330 

2.986958 

0.0215 

Table  6:  The  added  masses  of  a rectangular  cylinder  at  the  off-center  location  in  a canal  (a/c  1) 


n/B 

y 1 /pBc 

1 

y 2 / P B c 

Lower  Bound 

HJH3HE33E0I 

Lower  Bound 

Upper  Bound 

Error 

1 .0 

2 1 .456842 

22 . 7456 1 7 

0.0292 

0.501996 

0 . 520908 

0.0185 

0.3 

21.616915 

22 . 183099 

0.0129 

0 . 592008 

0.599457 

0.0063 

0.1 

2 1 .986840 

22.414629 

0.0097 

1 .019841 

1 .027451 

0.0037 

0.05 

22.71 1055 

23.117480 

0.0089 

1 .639575 

1 .650512 

0.0033 

0.03 

23.772989 

24 . 1 82598 

0.0085 

2.366953 

2 .383200 

0.0034 

Table  7:  The  added  masses  of  a rectangular  cylinder  in. a canal  with  a single  wall  (a/c  1) 
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e/B 


Fig.  9:  Comparison  of  the  added  mass  ^ of  a 

rectangular  cylinder  at  the  off-center  location 
in  a rectangular  canal 
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LOW  FREQUENCY  VARIATION  OF  THE  SURFACE 
SHAPE  OF  TIP  REGION  CAVITATION  ON  MARINE 
PROPELLER  BLADES  AND  CORRESPONDING 
DISTURBANCES  ON  NEARBY  SOLID  BOUNDARIES 


T SONTVEDT  and  H FRIVOLD 

Del  Norske  Veritas.  Division  for  Marine  Technology.  Oslo.  Norway 


SYNOPSIS 

Two  features  are  considered  in  this  paper: 

The  effectiveness  of  the  apparent  volumes  of  water/  cavi tat ion-bubb le  mixture  on  and  near  to  heavily 
loaded  blades  in  inducing  fluctuating  pressure  on  near  field  solid  boundaries. 

Cavitating  bubbles  may  travel  from  the  tip  region  of  heavily  loaded  blades  to  near  by  solid  boundaries 
causing  severe  erosion  and  excitation  of  vibrations. 


1. 


INTRODUCTION 


The  main  purpose  of  this  paper  is  to  throw 
more  light  on  the  following  two  important  features, 
both  related  to  cavitating  marine  propellers: 

(I)  jhe  effectiveness  of  the  apparent  vol- 
ume of  water /cavi tat  ion-bubble  mixture  on  and  near 
to  heavily  loaded  blades  in  inducing  fluctuating 
pressure  on  near  field  solid  boundaries. 

(Fig.  1 - Frivold  /l/). 

(II)  Cavitating  bubbles  may  travel  from 
the  tip  region  of  heavily  loaded  blades  to  near 
by  solid  boundaries  causing  severe  erosion  and 
excitation  of  vibrations  . 

Various  types  of  merchant  ships  have  been 
equipped  with  high  speed  cameras  providing  valu- 
able basis  for  study  of  somewhat  more  real  time 
characteristics  of  the  process  giving  rise  to  (1) 
and  (II)  , /2/. 

Further,  TV-equipment  has  allowed  study 
of  1st  order  and  blade  frequency  variations  of 
blade  cavitation  /2 /. 

Finally,  photogramme  try  has  been  employed 
to  estimate  real  thickness  of  water-bubble  mix- 
ture on  ship  propellers  for  propeller  hull  con- 
figuration given  in  Table  1,  / 2/  and  / 3 / . 

The  data  collected  by  methods  described 
above  then  serve  as  basis  for  identification  of 
basic  mechanisms  involved  in  (I)  and  (II),  and 
subsequently  development  of  more  advanced  theo- 
retical methods  and  model  test  procedures.  Such 
methods  will  be  reported  elsewhere  in  the  near 
future . 


2.  FLUCTUATING  PRESSURE  FIELD 

2 . 1 Analysis  of  Data  from  Twin-screw  Tanker 

The  object  of  this  section  is  to  investi- 
gate how  much  of  the  apparent  volume  of  water/ 
cavitation  bubble-mixture  on  and  off  the  blades 
is  involved  in  instantaneous  displacement  of  water 
and  corresponding  induction  of  pressure  impulses. 


The  net  volume  of  water/cavitation  bubble  mix- 
ture within  the  cont rol -vol ume , exhibited  by 
the  observed  cavity-mixture  surface  and  the 
blade  surface  extrapolated  to  a particular  sec- 
tion behind  the  trailing  edge,  is  plotted 
against  angular  position  of  blade  generatrix 
(Fig.  3).  The  standard  deviation  for  the  found 
thickness  of  mixture  is  for  the  example  0,7  cm. 
Fortunately,  observations  on  various  propellers 
from  above  have  revealed  a lower  " surface"  of 
travelling  cavities,  similar  in  shape  to  the 
extrapolated  surface/2/.  As  such,  the  apparent 
volume  of  the  cavity-mixture  and  its  time  deri- 
vative stems  to  be  fairly  correct.  The  volume 
is  computed  from  stereo-diagrams  of  the  type 
shown  in  Fig.  4. 

Different  effects  may  affect  the  ability 
of  the  apparent  cavity  volume  to  induce  pressure 
impulses.  The  observed  volume  surface  is  cloudy 
and  may  consist  of  a diffusive  water /cavi ty- 
mixture  which  affects  the  displacement  of  water 
and  correspondingly  the  pressure  impulses.  Se- 
paration of  the  cavitation  from  the  blade  may 
occur  , leaving  a cloud  of  cavitation  bubble- 
mixture  behind  the  blade  possibly  not  very  effec- 
tive. It  is  further  known  that  a "re-entrant 
jet"  may  penetrate  all  the  way  forward  to  the 
leading  edge  111  and  / 8 / . If  this  jet  pulsation 
occurs  with  suitable  frequency,  it  will  make  its 
own  contribution  to  the  pressure  impulses. 

The  method  of  calculation  is  described 
in  the  APPENDIX. 

Assuming  solid  boundary  factors 
in  accordance  with  Frivold/1/,  comparison 
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between  the  calculated  low  frequency  pressure 
signal  with  the  recorded  pressure  impulse  ampli- 
tude spectra,  reveals  that  calculated  figures 
are  of  the  same  magnitude  . - (Fig. 5).  The"so- 
lid  boundary  factor"  is  in  this  case  in  the 
1,9  - 2,1  range  . It  should  be  mentioned  that 
the  stereophotos  of  the  type  given  in  Fig.  4 
represent  random  shots  within  boundaries  of  maxi- 
mum and  minimum  extent  of  cavity  mixture.  Rough 
extrapolation  of  thickness  to  said  boundaries 
was  used  in  computation  of  the  extreme  magni- 
tude of  pressure  signals  (Fig.  5).  The  second 
propeller  of  this  twin-screw  ship  will  of  course 
affect  the  recordings  of  pressure,  but  at  the 
chosen  point  of  comparison  these  contributions 
are  not  significant. 

Non-cavi tating  magnitudes  of  pressure 
impulses  included  in  eomputations-known  to  corre- 
late well  with  several  model  tests  on  flat  plates 
on  model  hulls  (at  low  RPM)-  are  included  in 
Fig.  5.  For  the  twin-screw  full  scale  propell- 
ers in  question  their  magnitudes  are  small. 

Further,  the  inclusion  of  the  apparent 
volume  of  cavity/water-mixture  in  the  same  dia- 
gram serves  to  illustrate  parts  of  this  volume 
of  particular  importance  for  the  pressure  signal. 

With  the  different  transfer  functions, 
derived  in  the  APPENDIX  and  integrated  across 
the  apparent  cavitati.ng  area,  we  observe  the 
relative  importance  of  the  terms  in  producing 
the  net  pressure  signal  (Fig.  6). 

In  our  theoretical  model  the  term 
1 32T 

d k'x  St5x  (See  APPENDIX)  constitutes  the  main 
contribution  to  the  net  pressure  signal. 

2.2  Analysis  of  Data  from  Model  Tests- 

Homogeneous  Flow 

The  model  propeller  described  in  /4 / was 
tested  with  a horizontal  flat  plate  mounted  above 
the  propeller,  containing  differential  pressure 
transducers.  Stereodiagrams  were  obtained  for 
blade  cavitation  for  the  range  of  cavitation  num- 
bers (shaft  center)  and  advance  ratios  presented 
in  Table  II. 

From  the  stereodiagrams  of  the  type  shown 
ir.  Fig.  7,  the  effect  of  cavitation  on  the  press- 
ure signals  were  computed  (see  APPENDIX).  The 
term  ellx  and  the  experiments  both  produced 
results  as  illustrated  (Fig.  8).  The  accuracy  of 
recorded  stereodiagrams  is  known  to  range  from 
approximately  302  (of  maximum  thickness)  at  maxi- 
mum 0,  J,  to  more  favourable  values,  at  lower 
values  of  a in  particular.  This  inaccuracy  does 
not  alter  the  above-stated  observations  with  re- 
gard to  "mixture  effectiveness". 

Also  as  expected,  calculated  non-cavita- 
ting  magnit  des  closely  resemble  experimental 
figures . 


2.3  Analysis  of  Data  from  Model  Tests- 

Propeller  in  Wake 

Working  behind  a dummy  model,  the  volume 
(of  mixture)-change  with  angular  position  is  in- 
cluded in  Fig.  9 together  with  our  computation 
of  corresponding  pressure  signal-  all  based  on 


stereodiagrans  made  for  various  angular  posi- 
tions in  the  wake  peak.  The  discrepancy  nav 
have  been  caused  by  the  inaccuracy  of  model  pro- 
peller stereod i agrams  (ranging  from  30'  to  100T 
error,  dependent  on  thickness  during  the  blade 
sweep).  The  main  reason  for  this  inaccuracy  is 
the  difficulty  in  obtaining  sharp  pictures  of 
model  propellet  cavitation  with  the  given  radial/ 
tangential  motion  of  mixture  surface  /3 /,  and 
possibly  window  conf i gurat ions  employed. 


3.  STRUCTURE  OF  STREAM  OF  CAVITATING 

BUBBLES  LEAVING  THE  BLADE 

3 . 1 Analysis  of  Data  from  Twin  screw  Tanker 

Cross  sections  a)  and  b)  in  the  bubble/ 
water-mixture  (see  Fig.  4)  are  plotted  for  two 
angular  positions  in  Fig.  10.  For  all  other  an- 
gular positions,  the  contour  obtained  is  more  or 
less  similar  to  those  exhibited  in  Fig.  10.  The 
equivalent  radius  Rc  at  each  angular  position 
for  section  a)  is  included  in  Fig.  11.  The  Rc 
distribution  is  found  for  random  "shots"  in  each 
position.  Consequently  the  variation  of  Rc(con- 
stant  angular  position)  with  time  should  be  sub- 
ject to  study.  By  combination  of  the  linear  na- 
ture of  the  plot  Rc  against  B (breadth  of  "vor- 
tex" at  section  a), (Fig.  12),  and  blade  frequen- 
cy variation  of  B with  time  (Fig.  13),  we  ob- 
serve that  the  instability  of  Rc  increases  with 
increased  shaft  horse-power.  This  feature  (ob- 
served by  TV-equipment)  can  also  be  caused  by 
slight  change  of  sea-state,  or  even  the  random 
choise  of  t = 0 on  the  videotape.  Proper  investi- 
gation of  instability  of  cavitation  requires  an 
extensive  data  material  analysed  by  statistical 
methods.  Corresponding  high  speed  movies  indi- 
cate that  the  "visible"  mechanisms  of  tip  vortex 
roll-up  is  modified  when  leaving  the  wake  peak 
caused  by  feeding  of  blade  cavitation  into  the 
vortex.  Thus  Rc,  when  entering  the  wake  peak, is 
significantly  smaller  than  when  leaving  the  wake 
peak-  the  overall  blade  loading  being  fairly 
similar  during  "enter"  and  "leave”. 

At  present  semi-empirical  methods  are  de- 
veloped to  predict  the  growth  and  decline  of  the 
characteristic  parameter  Rc(S$ntvedt  et  al./6/). 

3.2  Model  Propeller  in  Homogeneous  Flow 

Cavitation  patterns  included  in  Fig.  14 
serve  as  identification  of  a,J  combinations, 
used  during  model  tests  (propeller  P-832  , 

Huse  & B0rresen  /4/).  The  cross-section  a)down- 
stream  of  trailing  edge  appears  somewhat  similar 
to  those  experienced  on  board  the  ship  in  quest- 
ion (Fig.  15).  The  relative  importance  of  pro- 
peller load  and  cavitation  number  on  equivalent 
"tip  vortex"  radius  Rc  and  the  breadth  B is  found 
in  Fig.  16.  The  breadth  of  mixture  B appears  to 
follow  the  trend  exhibited  by  Rc.  A regression 
equation  is  therefore  fitted  to  the  data  for 
Ren,  B,  giving  a slope  similar  to  that  found  for 
the  corresponding  data  on  board  the  twin-screw 
tanker  (Fig.  17).  Except  for  J = 0,  cavitation 
patterns  are  stable,  thus  no  Rc%  time  analysis 
is  required. 
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3.3  Model  Propeller  in  Wake 

Plots  of  B and  R against  angular  po- 
sition (Fig.  18)  with  included  for  one  position 
variation  in  load  (constant  a ),  and  variation 
in  O (constant  load)  indicate  that  B and  Rc  are 
more  sensitive  to  0 than  to  load.  Observations 
in  the  cavitation  tunnel  reveal  that  the  "tip 
vortex"  downstream  of  trailing  edge  is  stable 
in  B(breadth)  at  each  angular  position,  while 
some  instability  is  noticed  on  the  blade.  Again 
high  speed  movies  illustrate  the  "feeding"  of 
the  tip  vortex  with  cavitating  bubble  sheets 
originally  on  the  blade,  when  leaving  the  wake 
peak. 


4.  CONCLUDING  REMARKS 

Fortunately,  scatter  in  cavitation 
pattern  at  each  angular  position  on  board  the 
ship  in  question  was  limited.  Thus  we  may  study 
the  transfer  function  stereodiagram/hull  pressure 
fluctuations  for  this  propeller/hull  configura- 
tion. 

The  time-dependent  displacement  of  flow 
along  the  propeller  blade  by  water/cavity  mixture 
seems  to  be  reasonably  well  approximated  by  a 
solid  equivalent  surface.  At  least  the  simple 
discrete  element  renresentation  of  the  average 
shape  of  cavity  surface  led  to  displacement  of 
water  as  experienced  by  the  pressure  transducers 
mounted  on  the  ship.-  The  cross-sectional  area  of 
this  stream  of  cavitating  bubbles  leaving  the 
blade  in  the  roll-up  region  downstream  the  prop- 
eller blade,  varies  in  a regular  fashion  with  both 
blade  loading, cavitation  number, and  with"enter" 
and  "leave"  of  the  wake  peak.  The  regularity  pre- 
sented has  already  been  employed  in  semi-empiri- 
cal methods  now  in  development  / 6 / . 

Both  high  speed  cameras, TV-equipment 
and  stereotechnique  applied  to  still  pictures, 
constitute  valuable  tools  in  studying  phenomenae 
discussed  on  board  the  ship.  Improvement  of  accu- 
racy in  construction  of  stereodiagrams  is  requir- 
ed for  model  tests  in  the  type  of  cavitation  tun- 
nel employed  for  experiments  presented .This  state- 
ment applies  in  particular  to  tests  simulating  be- 
hind conditions  and  load  actually  experienced  on 
modern  merchant-ship  propellers. 


/4/  R.Bprresen  & "Stereophotography 

E.Huse  applied  to  Cavitating 

Model  Propeller  in  Homo- 
geneous- and  Uneven  Wake, 
with  Corresponding  Measure- 
ments of  Pressure  Fields 
on  a Flat  Plate  and  a Hull 
Model" 

-Report  No.  834.4639, 

Ship  Research  Institute 
of  Norway- 
classified) 


15/  C.A.Johnsson  " Propeller  Excitation  and 
4 T.Sontvedt  Response  of  230  000  t.dw. 
Tankers" 

-DnV  Publ. No. 79, Nov. 1972- 
Read  at  Ninth  Symposium  on 
Naval  Hydr., 

Paris,  August  1972 


/6 / T.S^ntvedt,  "Tip  Region  Cavitation  on 
O.Frydenlund  Marine  Propellers” 

& T.Jenssen  -DnV  Report  No.74-53-M- 
(Class if ied) 


/7 / P.Leehey  & 

T. S . Stel linger"Force  and  Moment  Measure- 
ments of  Supercavitating 
Hydrofoils  of  Finite  Span 
with  Comparisons  to  Theory" 
-MIT  Dept. of  Ocean  Eng., -75- 

/8/  R.W.Kermeen  "Experimental  Investiga- 

tions of  3-dimensional 
Effects  on  Cavitating 
Hydrofoils" 

-California  Inst,  of  Techn. 
Report  No. 47-14, Sept. 1960- 


19/ 


J.L.Hess  and  "Calculation  of  Non-lifting 
A.M.O.Smith  Potensial  Flow  about  arbi- 
trary Three-dimensional 
Bodies" 

- J . Ship  Res. ,1964, 8 


NOMENCLATURE 


5:  REFERENCES: 

/ 1 / H.  Frivold 

/2/  K. Holden 

151  K. Holden 

T.S0ntvedt  & 
O.0fsti 


"Solid  Boundary  Factor 
for  the  Aftbody  of  a LNG 
Carrier" 

-No rw. Mari  time  Research- 
No  1,1975 

"Propeller  Cavitation  as 
a Source  of  Vibration" 
-NTNF  Project  SKB0930365 
(Classified) 

"On  Stability  and  Volume 
of  Marine  Propeller  Cavi- 
tation and  Corresponding 
Spectral  Distribution  in 
Hull  Pressure  Fields" 
-Symposium  on  "High  Power- 
ed Propulsion  of  Large 
Ships" 

-NSMB , Dec.  1975 


B : Breadth  of  cross-section  of  cavitating 

mixture(ln  extrapolated  blade  surface) 

b : Distance  in  B direction 

C : Speed  of  sound  in  water 

Cp:  Non-dimensional  pressure 

D : Dia.  of  propeller 

d : Distance  from  source  to  field  point 

f : Field  point 

J : Advance  ratio 

n : RPS  (and  unit  normal  vector) 

t : Time 

Rc:  Equivalent  radius  of  mixture  downstream 

trailing  edge 

r : Radial  direction  co-ordinate 
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P : Pressure  of  field  point 

p : Point  on  surface 

S : Surface  area 


x : Chordwise  dimension 
r : Radial  dimension 
t : Time 


s : Integration  point  on  surface 

x : Chordwise  direction  co-ordinate 

Ux:  Velocity  of  advance 

Z : Number  of  blades 

U : Fluid  velocity  vector 

0 : Cavitation  number  referred  to  shaft  center 

(and  source  distribution) 

T : Thickness  of  cavity/water  mixture  rela- 

tive to  blade  surface 

p : Density  of  fluid 

(J)  : Velocity  potensial 


For  unsteady  potential  flow,  the  linearized 
pressure, p,  at  the  field-point  with  no  solid 
boundaries  present  is: 

Z 3<f> 


p(f,t)  = p Z 


z 


= 7r£  ff  U„e  )4L+U, 


3t 


1 32t 


4tt 


3x  * d 373x 

. 3t  .1  32t\  AvAr 
where:  * 7 

p : Density  of  water 


Number  of  propeller  blades 

3 1, 

3t  (T) 


(4) 


APPENDIX 

Pressure  Fluctuations  induced  by  Cavitation 
Volumes  in  Translatory  Motion 

For  calculating  the  low  frequency  pressure  field, 
the  fluid  is  regarded  as  ideal  and  irrotational . 
The  fluid  velocity  potensial  $ may  then  be  con- 
structed by  a source  distribution  a (s): 


4>  (f) 


ff 

S 


(s) 
f ,s) 


(1) 


d is  the  distance  from  the  integration  point  s 
on  the  surface  S to  the  field  point  f,  where  the 
potential  is  being  evaluated.  S is  the  propeller 
blade  surface,  where  cavitation  is  present,  and 
the  observed  cavitation  surface. 


By  the  boundary  condition(zero  normal  velocity 
on  S),  a two-dimensional  integral  equation  for 
0 on  S may  be  obtained: 

2TT0(p)-//o(s)  dS  = - n(p) -l5(p)CZ) 

Here  p is  the  point  on  the  surface  S,  where  o 
is  to  be  evaluated,  n(p)  is  the  unit  normal  vec- 
tor on  that  point,  and  fr(p)  is  the  relative  fluid 
velocity  vector  as  without  cavitation.  To  solve 
equation  (2),  for  each  time  instant, the  surface 
may  be  divided  into  surface  elements  with  speci- 
fied source  properties  and  (2)  replaced  by  a set 
of  linear  algebraic  equations  like  the  Hess  and 
Smith  Method  /9/.  This  procedure  will  imply  ex- 
tensive calculations  and  seems  too  elaborate 
compared  to  the  accuracy  of  measurements . Instead, 
the  time  dependent  cavitation  volume  element  is 
replaced  by  a source  producing  the  equivalent 
volume . 

At  a field-point  f the  velocity  potential  <J>  due 
to  one  blade  will  be: 

= 5?  ff  a2-  ^ + 7 It  Ax  Ar----  (3) 

where : 

S : Area  of  integration  equal  to  extent  of 

cavitation  projected  to  the  propeller  blade 

Uxi  Velocity  of  advance  of  volume  source 

T : Thickness  of  cavitation  perpendicular  to 
blade  surface 


The  pressure  fluctuations  are  computed  by 
equation  (4).  For  ease  of  comparison,  the 
pressure  is  made  non-dimensional: 


C 


P 


where : 


(5) 


n : RPS 

D : Diameter  of  propeller 


This  procedure  has  proved  to  be  sufficiently 
accurate  for  non-cavitating  and  stationary 
cavitating  propellers,  when  the  element  mesh 
is  relatively  coarse.  It  is  assumed  to  be  valid 
for  estimates  of  Z-n  and  2-Z-n  frequencies. 

Then  the  effect  of  compressibility  can  be  ne- 
glected, since  the  Mach  number 

Dir  2-n-Z  2 < < 1 (6) 

C 

C : Speed  of  sound  in  water 


I 
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Type  of  Ship 

SHP 

V 

s 

Di  am. 

Z 

Vibration 

recorded 

Wake 

recorded 

Knots 

mm 

0B0  Motor  Tanker 

26100 

16.5 

7000 

4 

Yes 

No 

Turbin  Tanker 

34500 

15.9 

9000 

6 

Yes 

No 

LNG  Turbin  Tanker 

30500 

20.5 

7750 

4 

Yes 

No 

Turbin  Tanker 

31500 

15.8 

8900 

5 

YES 

Yes 

Motor  Tanker 

6000 

15.98 

3250 

4 

Yes 

No 

Motor  Tanker 

31800 

16.5 

6650 

5 

Yes 

No 

Turbin  Tanker 

39600 

16.0 

9100 

5 

Yes 

Y’es 

Coast  Ship 

990 

9.0 

1780 

3 

Yes 

No 

Motor  Tanker 

34200 

17.4 

7300 

5 

Yes 

No 

LNG 

45000 

21.8 

7700 

5 

Yes 

No 

LPG 

20500 

17.5 

6400 

4 

Yes 

No 

LPG 

20500 

17.5 

6400 

4 

Yes 

No 

LNG 

40000 

20.5 

7650 

5 

Yes 

Yes 

Turbin  Tanker 

30000 

18.0 

7800 

5 

Yes 

No 

Chem. Tanker 

17300 

17.25 

6000 

6 

Yes . 

No 

TABLE  1 


; 
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Fig.  1 : Pressure  fluctuations  along  the  hull  1 25  000 
M3  LNG  tanker. 


Fig.  2:  Travelling  cavitation  giving  erosion  on  a 
large  duct. 


VOLUME  OF  WATER-  CAVI TATING  BUBBLE  MIXTURE  - ANGULAR  POSITION 

224  000  t.dw.tanker 


Fig.  3:  Volume  of  water-cavitating  bubble  mixture 
versus  angular  position. 

224  000  t.d.w.  tanker. 
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— Maximum  and  minimum 


CAVITATION  THICKNESS 
224000  t.dw.  tanker 

e q u id  (stance  = 1 cm 
blade  2 . 


extent  of  cavitation 
DISTRIBUTION  (CM) 

$ = 36» 

Tf  = 15.5  m 

Ta  s 19.6  m 
RPM  = HO. 

Vs  * 1 5 knots 


Fig.  4:  Cavitation  thickness  distribution — 224  000  t.d.w.  tanker. 
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TOTAL  VOLUME  OF  CAVITY  V tmm’j  PRESSURE  AMPLITUDE  kp/m: 


VU1.10 


PRESSURE  IMPULSE  AMPLITUDE  CALCULATED, 
COMPARED  WITH  EXPERIMENTAL  VALUES  ON 
BOARD 


MEAN  AMPLITUDE 

O MEASURED 
□ CALCULATED 
X MAX  MIN  AMPLITUDE 


400  -I 


200  A 


° O 


2Z  BLADE  FREQUENCY  Z 


ELEMENTS  OF  MATHEMATICAL  SIMULATION  MODEL 


Fig.  6:  Elements  of  mathematical  simulation 
model. 


Fig.  5:  Pressure  impulse  amplitude  calculated  and 
compared  with  experimental  values  on 
board. 


2 • BlAOE  f REQUENCV 

} ' nJ  PRESSURE  impulse  AMPLITUDE  MEASURED  *ROM  MOOElTESI 
□ PRESSURE  IMPULSE  AMPLITUDE  CALCULATED 


Fig.  7:  Model  test/Homogeneous  flow.  Type  of 
stereodiagram  used. 


Fig.  8:  Pressure  impulse  amplitude  on  flat  plate/ 
Homogeneous  flow. 
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STRUCTURE  OF  TRAILING  VORTEX 
DOWNSTREAM  TRAILING  EDGE  OF  BLADE. 


Fig.  9 : Volume  of  water-cavitating  bubble  mixture 
versus  angular  position — Model  test,  be- 
hind condition — Corresponding  pressure 
impulse  signal. 


Fig.  10:  Structure  of  trailing  vortex.  Downstream 
trailing  edge  of  blade — on  board. 


Fig.  11:  Tip  vortex  thickness  variation  224  000 
t.d.w.  tanker. 


Fig.  12:  Observed  cavitation  breadth  versus  tip 
vortex  thickness  (Imm.  downstream  of 
tip  edge). 
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Fig.  16:  Cavitation  breadth  behind  trailing  edge 
of  blade  versus  advance  ratio  J Homo- 
geneous flow. 

Equivalent  radius  of  cross-section  behind 
trailing  edge  versus  advance  ratio.  J 
Homogeneous  flow. 


Fig.  17:  Regression  equation  Rc~  B — Homogene- 
ous flow. 
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CAVITATION  BREADTH  OF 


C:  0 327 
* J r 0 325 


10  20  30  40  50  60  ANGULAR  POSITION 

PROPELLER  BLADE, 

4 


EQUIVALENT  RAOIUS  OF  CROSS- 
SECTION  BEHIND  TRAILING 
EDGE  OF  BLADE 


C * 0 327 
J * 0 25 


0 20  30  40  SO  60  ANGULAR  POSITION 


OF  PROPELLER 
BLADE  4 

Cavitation  breadth  of  trailing  vortex 
versus  angular  position  of  blade. 

Equivalent  radius  of  cross-section  behind 
trailing  edge  of  blade. 
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SOME  IDEAS  ABOUT  THE  OPTIMIZATION  OF 
UNSTEADY  PROPELLERS 


J A SPARENBFRG 

University  of  Groningen.  The  Netherlands 


The  unsteady  propulsion  by  thrust  producing  lifting  surfaces  is  discussed.  Three  regimes  of  working  ere 
distinguished.  A rather  general  necessary  condition  for  optimality  of  one  of  the  regimes  is  derived.  ...  - 
tions  about  existence  or  non-existence  of  optimum  propellers  are  considered.  A qualitative  method  for  the 
comparison  by  inspection  of  optimum  propulsion  systems  is  discussed. 


1 . Introduction 

The  intention  of  this  paper  is  to  discuss  some  as- 
pects of  the  efficiency  and  optimization  of  a type 
of  unsteady  propulsion.  First  we  have  to  give  a 
meaning  to  the  expression  "unsteady  propeller". 

The  most  simple  one  seems  to  be;  a propeller  is 
unsteady  when  no  inertial  reference  system  exists 
with  respect  to  which  the  induced  fluid  flow  is 
time  independent.  This  however  is  not  appropriate, 
we  probably  exclude  from  the  conceivable  propul- 
sion systems  only  the  sails  of  a yacht  in  steady 
motion,  even  the  free  running  screw  propeller  be- 
comes unsteady.  A better  definition  seems;  a pro- 
peller is  unsteady  when  the  relative  fluid  flow  is 
time  dependent  while  this  time  dependency  is  es- 
sential for  its  functioning.  The  second  part  of 
this  definition  is  vague  in  some  degree,  it  is  in- 
tended to  exclude  for  instance  the  screw  propeller 
in  a wake.  Essential  unsteady  propulsion  occurs  in 
the  case  of  Voith-Schneider  propellers,  contra  ro- 
tating propellers,  the  propulsion  wheels  of  a pad- 
dle boat,  the  fish  tail,  the  flagella  of  some  bac- 
teria, etc. 

The  type  of  unsteady  propulsion  we  will  consider 
here  belongs  to  a more  restricted  class.  We  assume 
that  the  fluid  is  incompressible  and  inviscid  and 
that  propulsion  occurs  by  lift  only.  The  last  two 
assumptions  exclude  the  flagella  of  bacteria  and 
the  paddle  wheel.  We  agree  that  viscosity  is  very 
important  in  optimization,  because  it  restricts  in 
a natural  way  diameters  of  propulsion  systems 
which  in  potential  theory  have  to  be  bounded  by 
artificial  constraints.  However  in  order  to  avoid 
mixing  difficulties  we  first  consider  an  inviscid 
fluid.  We  also  demand  that  the  propulsion  device 
will  be  lightly  loaded,  hence  its  shed  free  vorti- 
city  is  small,  say  of  0(e)  where  £ is  a small  pa- 
rameter. Then  we  assume  that  this  free  vorticity 
is  not  transported  by  its  own  induced  velocities. 

What  is  left  now  are  propulsion  systems  consisting 
of  possibly  flexible  lifting  surfaces  making  flap- 
ping motions  which  are  assumed  to  be  periodic  and 
which  are  still  allowed  te  have  a "small  or  a lar- 
ge" amplitude  of  0(e)  or  of  0(eu)  respectively. 

For  the  propellers  in  this  class  we  admit  three 
different  regimes  of  working  which  will  be  charac- 
terized in  the  following  section.  These  regimes 
have  different  ranges  of  application  and  differ- 
ent properties  with  respect  to  optimization,  so  it 
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seems  worth  while  to  give  a short  account  of  these 
properties  and  to  discuss  consistently  the  order 
of  magnitude  of  their  relevant  quantities. 

In  '::.is  paper  from  a certain  point  of  view,  a num- 
ber of  aspects  of  "inviscid  unsteady  propulsion  by 
lift"  are  considered,  of  course  many  more  aspects 
exist,  we  mention  accelerated  swimming  ['],  appli- 
cations of  slender  body  theory  for  instance  [>], 
[2l.  One  of  our  intentions  is  to  stimulate  inter- 
est in  questions  on  the  existence  or  non-existence 
of  optimum  propulsion  and  on  the  kind  of  con- 
straints which  have  to  be  imposed  in  order  that  we 
car.  be  sure  that  an  optimum  exists.  For  the  two 
dimensional  small  amplitude  motion  results  with 
respect  to  this  are  given  in  [3]. 

2 .Three  regimes  of  working 

In  this  section  we  discuss  three  regimes,  numbered 
i,  ii  and  iii,  of  unsteady  propulsion  already  an- 
nounced in  the  introduction  and  we  will  state  some 
of  their  similarities  and  differences  with  respect 
to  optimization. 

Regime  i,  small  amplitude  propulsion,  including 
propulsion  of  fishes  by  tail  and  fins.  For  a sur- 
vey we  refer  to  the  article  of  Wu  [1]  and  for  in- 
stance for  later  work  we  mention  [5]. 

We  consider  first  one  lifting  surface  W which 
moves  in  an  c neighbourhood  where  e is  a small  pa- 
rameter, of  a flat  reference  strip  H while  also 
the  local  angles  of  incidence  of  W are  assumed  to 
be  of  0(e).  The  strip  is  part  of  the  plane  z = 0 
(Fig.l)  and  stretches  along  the  x axis.  W moves  in 
the  positive  x direction  with  a velocity  U of  0(e) 
When  W moves  exactly  along  H it  does  not  disturb 
the  fluid  at  all  and  does  not  shed  free  vorticity. 
This  motion  we  call  the  base  motion.  The  small  de- 
viations of  this  base  motion  which  are  of  0(e)  and 
by  which  a thrust  can  be  generated,  will  be  called 
the  added  motion.  The  boundary  conditions  related 
to  this  lifting  surface  as  well  as  its  bound  and 
free  vorticity  of  0(e)  are  assumed  to  be  at  the 
reference  strip  H.  This  usual  assumption  facili- 
tates the  calculations  and  introduces  inaccuracies 
of  O(e^)  for  the  induced  velocities. 

The  mean  value  with  respect  to  time,  or  what  is 
here  the  same  with  respect  to  x,  of  the  thrust  T 
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will  be  of  '(€  - ).  Such  a snail  thrust  car.  be  des- 
cribed bv  writing  T * r*  , which  defines  the  small 
parameter.  The  kinetic  energy  F.  left  behind  per 
period  of  time  * of  the  motion  is  also  0(e‘)  and 
will  be  written  as  E ■ b C-  c2 , where  b 3 Ut  is 
the  length  of  i period  in  tne  x direction.  Hence 
C^.  f - is  the  mean  value  of  the  kinetic  energy  left 
behind  per  unit  of  length.  The  general  formula  for 
the  efficiency  n is 


t TU 

xtV  * F 


(2.1) 


In  this  theory  the  efficiency  becomes,  bv 
stituting  the  above  mentioned  expressions 
and  E, 


def 


1 - C 


0(c) 


sub- 
f or  T 


(2.2) 


where  the  constant  C is  independent  of  f . Hence 
when  ■ 0,  the  efficiency  will  not  tend  to  one. 


The  following  optimization  problem  can  be  posed. 

How  to  choose  (by  prescribed  mean  value  of  the 
thrust  T = e*  ) the  added  motion  of  the  wing  so  that 
the  energy  coefficient  C^.  or  the  efficiency  coeffi- 
cient C.  are  as  small  as  possible.  In  this  general 
form  the  problem  will  have  no  solution  within  the 
realm  of  this  type  of  theory.  This  is  proved  in 
section  3 of  this  paper.  In  order  to  have  a well 
posed  problem  we  need  constraints  on  the  added 
motion  of  W. 


When  in  this  small  amplitude  case  two  lifting  sur- 
faces are  moving  one  behind  the  other,  with  the 
same  span,  the  second  one  can  in  the  linear  theory 
annihilate  the  free  vorticity  of  the  first  one, 
while  the  thrust  of  both  together  has  a non  zero 
mean  value  of  0(e2).  Hence  at  first  sight  we  would 
predict  an  efficiency  n * 1,  because  in  (2.1)  E * 0. 
This  clearly  is  against  first  principles  of  fluid 
mechanics.  A more  close  examination  [6]  shows  that 
there  are  two  free  vortex  sheets  of  strength  0(e) 
behind  the  two  lifting  surface,  which  are  of  opposite 
strength,  and  at  a small  distance  of  0(e)  apart. 
Hence  in  this  linearized  theory,  they  cannot  be 
observed  separately  and  they  annihilate  each  other. 
However,  it  is  not  difficult  to  calculate  their 
distance  up  to  and  including  0(e).  In  between  these 
sheets  is  a fluid  flow  in  agreement  with  the  im- 
pulse theorem,  which  causes  energy  losses  per 
period  E = b C-  e 3 where  Cg  can  be  calculated.  The 
efficiency  in  this  case  becomes 

1 def 

n = -r-r-p—  = I - C e = I - 0(e)  (2.3) 

I + C£c  n 

Hence  in  this  situation  when  e -*■  0 then  n -*•  I . Also 
here  it  is  necessary  to  impose  constraints  on  the 
added  motions  of  the  two  lifting  surfaces  in  order 
to  obtain  a well  posed  optimization  problem. 


Regime  ii,  finite  amplitude  motion,  the  flexible 
wing  W moves  in  an  e neighbourhood  of  a periodic 
curved  reference  strip  H (Figure  2). 

Again  when  ’ moves  exactly  along  H it  does  not 
disturb  the  fluid  at  all,  this  is  the  base  motion. 
Small  deviations  of  0(e)  of  this  base  motion,  which 
indyce  velocities  and  vorticity,  will  be  called  the 
added  motion.  The  boundary  conditions  related  to  W 
as  well  as  its  bound  and  free  vorticity  of  0(e)  are 
assumed  to  be  at  H.  The  mean  value  with  respect  to 
time  of  the  thrust  produced  by  such  a wing  is  0(e), 
say  T = e.  The  kinetic  energy  E = b Cg  e2,  hence 
the  efficiency  n has  the  form  (2.3). 


We  remark  that  due  to  the  1 inear i zat ion  procedure 
there  is  an  inaccuracy  in  T of  ()(••),  in  fact 


T - • ♦ a e\  (2.4) 

with  some  unknown  factor  *.  However,  this  factor 
does  not  enter  into  the  efficiency  because  it 
appears  both  in  the  numerator  and  in  the  denominator 
of  (2.1)  and  up  to  and  including  the  di sired  accu- 
racy with  respect  to  it  cancels  in  the  expression 
(2.3)  for  " . 

Again  we  can  ask  for  the  added  motion  of  the  wing 
which  minimizes  the  coefficient  C£  or  the  coeffi- 
cient C for  ivc:.  rv_  v-.'.-ae  * hr *- 

^ r, 

shed  by  the  optimum  added  wing  motion  is  uniquely 
determined  by  H see  [7  ] or  section  4 of  this 

paper.  The  added  motion  of  the  wing  is  not  uniquely 
determined,  although  it  is  not  difficult  to  find 
added  motions  which  leave  behind  the  desired  free 
vorticity.  Hence  as  contrasted  with  the  small 
amplitude  motion,  regime  i,  we  can  find  now  optimum 
added  motions  in  the  realm  of  this  linearized 
theory,  while  no  constraints  on  the  added  motion 
are  needed. 


Here  it  makes  no  sense  to  let  move  a second  wing 
behind  W,  which  annihilates  the  free  vorticity  of 
W because  then  we  would  reduce  the  mean  value  T 
with  respect  to  time  of  the  thrust  to  a quantity 
of  0(i“‘),  which  makes  no  sense  in  connection  with 
the  inaccuracy  of  the  finite  amplitude  motion,  as 
indicated  by  the  factor  a in  (2.4). 


Having  optimized  the  motion  of  W for  a fixed  H,  we 
can  ask  for  an  optimum  reference  strip  H.  This  was 
not  possible  for  regime  i,  because  there  • ...  strip 
was  by  definition  flat.  Here  some  constraints  on  H 
have  to  be  posed  otherwise  no  extremum  exists.  For 
instance  by  making  the  amplitude  of  H larger  and 
larger  for  fixed  T = e then  Cg;  -*■  0 or  n -+•  1 . However 
we  can  demand  that  H has  to  remain  within  a cylinder 
with  generators  parallel  to  the  x axis  of  cross 
section  area  S,  then  there  is  an  optimum  value  of 
n 1 7 1 . This  is  the  efficiency  of  an  actuator  disk 
with  a constant  load  c = T/S  (pressure  jump),  of 
which  the  area  is  the  cross  section  of  the  afore- 
mentioned cylinder 


n — (1 


2c  lT 


-I 


(2.5) 


where  p is  the  density  of  the  fluid  and  U the  mean 
velocity  of  advance  in  the  x direction.  The  surface 
H which  yields  this  optimum  is  not  uniquely  deter- 
mined, however,  it  has  to  be  rather  complicated  and 
will  be  discussed  in  sections  (5)  and  (6). 


Regime  iii,  finite  amplitude  motion  of  a wing  which 
induces  finite  disturbance  velocities,  however, 
which  sheds  free  vorticity  of  0(e).  We  restrict  our- 
selves to  the  two  dimensional  case  in  which  the 
phenomenae  are  independent  of  the  y coordinate 
(Figure  3).  The  profile  of  this  wing  of  infinite 
span  will  be  specialized  to  a rigid  flat  plate 
moving  with  its  three-quarter  chord  point  Q along 
a periodic  line  H while  remaining  tangent  to  it. 

The  quantities  mentioned  below  are  per  unit  of  span. 
When  we  assume  that  the  Kutta  condition  is  satisfied 
at  the  trailing  edge,  the  circulation  of  this  profile 
is  always  zero  hence  it  does  not  shed  free  vorticity 
[8].  This  motion,  although  it  induces  disturbance 
velocities  of  0(e°),  will  be  called  the  base  motion. 
Hence  for  all  three  regimes,  the  base  motions  do 
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not  shed  free  vorticity.  As  in  the  two  previous 
cases  we  allow  tl'e  profile  to  deviate  slightly  of 
0(e)  fr^n  its  base  notion  by  means  of  the  added 
motion.  Then  it  will  shed  free  vorticity  of  0(c) 
and  it  will  be  possible  to  have  a mean  value  with 
respect  to  time  of  the  thrust  T * e.  The  energy 
left  behind  per  period  is  written  as  E = b Cjr  c* 
and  the  efficiency  n has  again  the  form  (2.3). 

One  difference  with  the  previous  two  cases  is  that 
although  the  free  vorticity  is  0(c)  and  within  the 
accuracy  of  the  theory  is  not  transported  by  its 
own  induced  velocities,  it  is  transported  by  the 
velocities  induced  by  the  base  motion.  Hence  its 
final  position  and  strength  has  to  be  calculated. 

A well  pose d problem  is  then  to  ask  for 
added  motions  for  which  T * e and  C£  is  a minimum 
or  n a maximum.  Then  as  is  discussed  in  [8],  the 
shed  free  vorticity  is  uniquely  determined  while 
the  optimum  added  motion  is  not  uniquely  determined. 
Hovvver,  some  choice  can  be  made  for  an  added  motion, 
which  sheds  this  free  vorticity.  From  this  point 
of  view  regime  ii  and  regijne  iii  behave  analogously. 

When  next  we  want  to  optimize  also  the  line  «.  it 
is  again  necessary  as  for  regime  ii,  to  impose 
constraints  on  £ in  order  that  an  optimum  P.  exists. 
The  constraints  in  this  case  have  to  be  more  severe. 
For  instance  when  we  only  ask  that  P has  to  stay 
within  a strip  z|<  const,  no  optimum  exists.  As  - • 
is  shown  in  [8]  it  is  possible  by  curving  S suffi- 
ciently "wild"  to  transport  by  the  base  motion  the 
free  vorticity  as  far  away  from  the  x axis  as 
is  desired,  by  which  n -*  1 for  given  T * e.  However 
when  sufficient  smoothness  conditions  are  given  for 
p,  such  as  bounds  for  its  steepness  and  forj its 
curvature,  it  becomes  acceptable  that  optimum  lines 
P do  exist. 


With  respect  to  the  definition  of  efficiency 
cone  aabiguity  occurs,  in  (Figure  4)  .»  schcai  is 
given  of  the  energy  balance  of  a propulsion 
system  P.S..  The  symbol  E represents  the  energy 
fed  into  the  system  by  the  machinery,  E0  is  the 
maximum  energy  which  can  be  recovered  by  the 
blade  W from  the  energy  in  the  fluid  as  dis- 
cussed above  and  E is  the  energy  left  behind 
in  the  wake,  all  there  energies  are  per  period 
of  time  of  the  motion.  Then  we  have  the  relation 

E ♦ E0  * TU  ♦ E (2.6) 


where  U is  the  constant  velocity  of  the 
propelled  body.  Now  we  can  define  two  efficiencies. 
First  the  "economical  efficiency",  • ^ which  is 
the  quotient  of  the  useful  work  and  the  energy 
fed  intc  the  system  by  the  machinery 


= TU  TU 

e E TU  + E - E 

o 


(2.7) 


Second,  the  "physical  efficiency"  >■  which  can 
be  defined  as  the  quotient  of  the  useful  work 
and  energy  totally  supplied  to  the  propeller 


„ P E + Ec  TU  + E 

• n > 

The  "economical  efficiency"  can  assume 

all  values  -®  < n < ♦*  while  the  "physical 
efficiency"  Pp  behaves  better  0 <_  Hp  <_  I. 

We  remark  that  the  vorticity  jQ  can  have  at 
most  a contribution  to  the  mean  value  with 
respect  to  time  T of  the  thrust  of  0 (c2). 
Hence,  it  can  have  a substantial  influence 
on  T only  for  regime  i. 


A propulsion  system  operates  in  general  in  the 
neighbourhood  of  a hull  which  causes,  among  others 
by  friction  ef feet s , an  inhomogeneous  flow  in  the 
propeller  region.  In  order  to  simulate  this  to 
a certain  extent  we  can  allow  that  in  the  fluid  be- 
fore the  propeller  passes,  is  present  a velocity 
field  (u  , v , w ) of  0(e),  periodic  in  the  mean 
direction  of°motion  and  which  will  be  assumed  to 
be  independent  of  time  with  respect  to  a reference 
system  coupled  to  the  undisturbed  fluid  at  large 
values  of  z.  Problems  of  this  kind  are  for  instance 
discussed  by  Wu  and  Coene  [5]  where  it  was,  however, 
allowed  that  the  velocity  field  (u  , v , w ) was 
time  dependent,  in  fact  these  velocities  were 
induced  by  surface  waves  which  were  assumed  to 
remain  unchanged. 

In  our  case,  time  independent  velocity  field 
(u  , v , w ),  there  is  a simple  trick  to  estimate 
the  maximum  amount  of  energy  which  can  be  extracted 
by  the  propulsion  system  out  of  this  inhomogenity , 
The  only  possibility  in  a linear  theory  (regimes 
i and  ii),  for  a propulsion  system  to  sense  the 
inhomogenity  of  0(c)  is  by  its  velocity  components 
perpendicular  to  the  reference  strips  II  along  which 
the  lifting  surfaces  W have  to  move.  Hence  we  can 
replace  the  inhomogenity  by  another  one  consisting 
of  a free  vorticity  lager  y on  H,  of  which  the 
total  circulation  around  He^uals  zero  and  which 
reproduces  these  normal  velocity  components.  The 
energy  E of  0(e2)  per  period  of  this  vorticity 
Y0  can  be  recovered  by  the  wings  by  shedding  free 
vorticity  - y . Hence  E is  the  desired  maximum 
amount  of  energy  the  wings  can  extract  per  period. 
This  will  be  discussed  further  in  section  4. 


In  the  next  section  we  prove  that  without 
constraints  there  exists  no  optimum  motion 
for  regime  i,  in  the  case  of  a "simple  wing". 

This  type  of  wing  will  be  defined  later  on. 

In  the  remaining  part  of  the  paper  we  direct 
our  attention  to  propulsion  systems  belonging 
to  regime  ii.  In  section  4 a necessary  condition 
for  optimum  motion  is  derived  when  the  surface 
H is  given.  This  has  been  done  also  in  [7] 
by  means  of  a more  mechanical  reasoning  which 
puts  small  amounts  of  the  bound  vorticity  of  the 
wing  to  places  far  down  stream.  Here  analogous 
results  are  derived  by  means  of  a simple 
application  of  ideas  of  the  calculus  of 
variations.  Also  in  the  present  derivation 
still  another  type  of  constraints  is  admitted 
and  it  is  allowed  that  in  the  fluid  is  already 
a disturbance  velocity  field  (u  , v , w ) of 
0(e).  In  section  5 some  considerations  are 
given  about  the  existence  of  optimum  reference 
surfaces  H which  are  sufficiently  smooth.  In 
section  6 it  is  discussed  how  the  efficiency 
of  two  propulsion  systems  can  be  compared  by 
visual  inspection  of  their  surface  H.  Finally, 
in  section  7 some  results  abtained  from 
experiments  with  respect  to  Voi th-Schneider 
propellers,  are  explained  by  means  of  the 
developed  theory. 
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3 . Non  exist ence  of  an  optimum  simple  wins, 
regime  i 

In  this  section  we  restrict  ourselves  to  regime 
i and  consider  a flexible  wing  W of  finite  span, 
with  a velocity  U moving  in  an  c neighbourhood 
of  the  flat  reference  strip  H,  (Figure  I).  As  the 
planform  A of  this  wing  we  define  as  usual  the 
projection  of  W at  the  strip  H.  Wings  of  which 
the  boundary  of  the  planform  is  cut  only  twice 
by  lines  parallel  to  the  x axis  are  called 
simple  wings. 

We  will  show  that  no  optimum  motion  exists  for 
a simple  wing  W when  T = c'  , A,  U and  b or  t 
are  prescribed,  which  minimizes  the  kinetic 
energy  E = bC^e2  which  is  left  behind.  The 
reason  that  such  a proof  can  be  of  value  is  that 
in  the  past  efforts  have  been  made  to  find  such 
optimum  wings.  We  refer  to  [3]  where  for  the 
two  dimensional  case  the  optimum  motion  under 
suitable  constraints  is  discussed.  Our  proof 
shows  olearly  the  difference  of  a wing  with  a 
gap  filled  with  non  zero  free  vortioity  and  a 
simple  wing.  The  proof  will  have  the  following 
steps . 

a)  First  we  show  that  when  a simple  wing  does 
not  leave  behind  free  vorticity  it  cannot  have  a 

mean  value  ot  thrust. 

b)  Hence  when  an  optimum  simple  wing  with  a 
mean  value  of  thrust  T = e2,  does  exist  it  has 
to  leave  behind  kinetic  energy  E = bC^c2  for 
some  non  zero  C , and  has  an  efficiency 

n = 1 -0(e°)  * I. 

c)  Next  we  show  that  we  can  construct  a 
sequence  of  wing  motions,  while  T = e2,  A,  U 
and  b or  x are  prescribed,  for  which  n -*  1 . 

This  contradicts  by  b)  the  existence  of  an 
optimum  motion. 

a)  Although  this  is  clear  in  the  exact  non 
linear  theory,  it  is  not  clear  at  all  in  a 
linearized  theory,  in  fact  it  even  is  not 
true  in  general  for  non  simple  wings. 

We  use  for  convenience  a coordinate  system 
in  which  the  fluid  flows  with  a velocity  U 
in  the  negative  x direction  (Figure  5).  The 
vorticity  of  the  wing  is  assumed  to  be  at  A 
and  has  the  two  components 

rx(x,y,t)  = F^(x,y , t+x ) , 

ry(x.y.t)  = ry(x,y,t+r)  (3.1) 

reckoned  positive  with  a right  hand  screw  in  the 
positive  x and  y direction  respectively.  The 
vorticity  components  satisfy 

3r  ar 

(x.y.t)  + (x,y,t)  = 0.  (3.2) 

The  condition  that  no  free  vortility  is  shed 
can  be  written  as 

xt(y> 

/ Ty(x,y,t)  dx  s 0,  (3.3) 


where  x^(y)  and  x (y)  represent  the  leading  and 
the  trailing  edge  respectively. 

When  we  assume  the  vorticity  to  be  given  the 
camber  h = h(x,y,t)  of  the  wing  satisfies 

3x  3t 


J7<rx(C.'l.t>Kx(x-S,y-n)  + 

A 


♦ r^(£,nt t)Ky(x-5,y-n) }d£dn 

where  by  Biot  and  Savart's  law  we  have 


K (x,y)  = 7—  2 

x (x2  ♦ y2)1!2 


K (x,y)  = - 7— 

y ^ (x2  + y2)3/2 


From  (3.4)  we  obtain 


h(x,y,t)  = h(x-Ut,y)  ♦ 


TJ  J L(o  ,y,t  + “)  do;  ( 3.»  ) 

*e 

where  L(x,y,t)  represents  the  right  hand  side  of 
(3.4)  and  fT(x,y)  is  an  arbitrary  function  of  its 
arguments.  By  choosing  ff(x,y)  periodic  with  respect 
to  x with  period  Ux,  h(x,y,t)  will  be-  a periodic 
function  of  time  with  period  t. 

The  mean  value  of  the  thrust,  reckoned  positive 
in  the  positive  x direction  can  be  written  as 

T 

T(e2)  =--T  [ fl  (U  T (x,y,t)  + 

0 A y 

3 X 

+ g-j-  J r (f,y,t)df)  (x,y , t)  dxdydt  = 


= — J If  (V  r (x,y,t)—  h(x,y , t ) + 
0 A 


- t—  T (x,y,t)  h(x,y,t)}  dxdydt,  (3.7) 

o t y 

where  we  used  (3.3).  In  this  equation  we  do  not 
consider  a contribution  of  the  suction  force  at  the 
leading  edge  which  can  arise  from  a square  root 
singularity  of  the  pressure  distribution.  This 
however  is  not  really  a restriction  of  generality. 

We  can  always  introduce  a slight  change  of  the 
vorticity  so  that  it  becomes  a smooth  function 
which  is  zero  at  the  leading  edge.  Then  the  surface 
h(x,y,t)  becomes  heavily  curved  so  that  "so  to 
speak"  the  contribution  of  the  suction  force  is 
brought  to  the  inner  part  of  A and  contributes 
correctly  to  (3.7)  within  any  desired  degree  of 
accuracy.  In  fact  we  have  only  to  consider 
T (x,y,t)  and  T (x,y,t)  which  are  for  instance 
zero  and  sufficiently  smooth  at  the  edge  of  the 
wing. 

It  is  crucial  for  our  considerations  that  the 
ranges  of  integration  for  (E,n)  in  (3.4)  and 
(x,y)  in  (3.7)  are  equal,  namely  A,  with  other 
words  that  the  wing  is  simple  and  does  not  shed 
free  vorticity.  When  the  planform  A had  a gap 
at  which  r (x,y,t)  and  P (x,y,t)  were  not  zero 
then  thesexranges  of  integration  would  be  different. 

Ey  partial  integration  with  respect  to  time  we 
can  write  (3.7)  in  the  form 

T(c2)  - " 7 / /;  r;(x,y.t){U  gkx.y.t)  ♦ 

0 A y 


^ (x,y,t) } dxdydt 
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Substitution  of  (3.4)  in  (3.8)  yields 

T(e2)  = - 7 i II  II  r (x.y.t). 
e b b y 

{rx(e,n,t)Kx(x-C,y-n)  + 


+ r^(C,n,t)Ky(x-C,y-n) } dCdndxdydt  = 

= -p  J II  II  '’(x.y.t) 

o B B y 

rxU.O.t)  Kx(x-C,y-n)  dcdndxdydt  (3.9) 


The  part  of  the  integrand  which  has  disappeared 
has  zero  contribution,  because  of  the  anti- 
symmetry of  K with  respect  to  its  arguments 
(3.5)  and  by  £he  equal  regions  of  integration 
for  (x.y)  and  (£,o). 

By  integrating  (3.9)  twice  partially,  first  with 
respect  to  y and  second  with  respect  to  x,  while 
using  (3.2)  we  find 

T(t2)  -£■  I II  I!  r (e.n.t)  . 

T 0 B B x 

3 y „ 

rx(x,y,t)(77  / Kx(x-£,y-r|)dy  )dxdyd?dndt 

(3.10) 


Again  by  the  antisymmetry  properties  with  respect 
to  its  arguments  of 


Kx(x-S,y-n)dy 


4n 


(x  - Q 

( (x-£)2  + (y-n)2 


3/2’ 


equation  (3.4)  namely  h(x-Ut,y)  as  denoted  in  (3.6). 
The  addition  of  this  "kinematic"  profile  changes 
neither  the  induced  velocities  nor  the  vorticity, 
however  it  can  add  to  the  thrust  by  giving  it  the 
shape  of  suitable  step  like  functions,  as  is 
drawn  in  (Figure  6).  We  now  take  in  the  general 
formula  for  the  mean  value  of  the  thrust  (first 
part  of  (3.7)),  the  sequence  of  motions 


h (x,y,t)  = h (x-Ut,y)  + 
n ' n 

+ h*(x,y,t),  n = 1,2,3,....,  (3.14) 


where  the  profiles  h(x-Ut,y)  are  of  the  shape 
of  figure  (3.2)  with  increasing  magnitude  of  their 
steps  for  larger  values  of  n.  These  profiles  have 
to  be  "pushed"  along  the  original  profile  h* (x.y.t), 
with  velocity  U in  the  negative  x direction, 
against  the  pressure  jump  across  the  region  AW. 

In  this  way  thrust  is  created  without  further 
disturbing  the  fluid.  When  the  magnitude  of  the 
steps  increases  without  bounds,  also  the  mean 
values  T belonging  to  h (x,y,t)  increase  without 
bounds.  Because  no  extranvorticity  is  shed  the 
lost  energy  F.(e2)  remains  constant.  Hence  for 
the  efficiency  we  find 


lim  n 

n 

n^a> 


= lim 
n-*» 


T 

n 

T 

n 


U 

U + F. 


I . 


(3.15) 


♦ 

Otherwise  by  decreasing  the  factor  a of  h (x,y,t) 
4,t  is  possible  by  choosing  sufficiently  steep 
hn(x-Ut,y)  to  keep  T=c  while  E^-Kl , hence  also 

n -*•  1(3.14).  This  means  in  connection  with  b) 
tSat  no  optimum  motion  exists  in  the  linearized 
theory . 


(3.11) 

and  by  the  equality  of  the  regions  of  integrations 
for  (x.y)  and  (£,n)we  find 

T(e2 ) = 0.  (3. 12) 

Herewith  we  have  settled  part  a)  of  the  proof. 

Part  b)  is  the  statement  which  connects  a)  and 
c),  so  we  come  to  part  c). 

We  will  construct  for  a given  planform  A,  a 
sequence  of  wings  with  increasing  efficiency. 
Consider  a sufficiently  narrow  region  AW  of 
width  At  along  the  leading  edge.  This  will  be 
the  active  part  of  the  wing  and  will  be  given 
a purely  heaving  motion 
* 

h (x,y,t)  = e a sin  ui  t , 

x(y)-A£<_x^x(y),  (3.13) 

where  u = 2it/x  and  a = 0(c°)is  some  factor. 

The  remaining  part  of  the  wing  will  be  a membrane 
without  mass,  stiffness  or  tension,  hence  with 
no  pressure  jump  across  it.  Together  these  parts 
form  the  profile  h*(x,y,t).  It  is  then  clear 
by  the  narrowness  of  the  active  parts  AW  that 
during  a relatively  large  part  of  the  upstroke 
the  pressure  at  the  upper  side  of  AW  is  positive 
and  negative  at  the  bottom  side  and  inversely  for 
the  downward  stroke. 

Now  we  super  impose  on  h*(x,y,t)  a motion 
which  belongs  to  the  homogeneous  part  of 
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The  objection  can  be  made  that  by  taking  steeper 
and  steeper  profiles  ft  (x-Ut,y),  the  linear  theory 
will  no  longer  be  valiS.  Of  course  this  is  true, 
however  our  statement  only  says  that  without 
constraints  it  is  not  possible  to  find  by 
mathematical  methods  an  optimum  simple  wing  motion 
by  using  the  formulae  of  the  linearized  theory  of 
regime  i. 

This  proof  remains  valid  in  the  two  dimensional 
case,  then  we  have  to  put  F (x,y,t)  3 0 and 
Fy(x,y,t)  = T(x,t) . 

When  the  wing  is  not  simple  we  have  for  instance 
a situation  as  is  described  in  section  2 at  the 
end  of  the  discussion  of  regime  i.  Here,  without 
leaving  behind  free  vorticity  within  the  realm 

of  the  linearized  theory,  thrust  can  he  delivered 
and  the  proof  is  invalidated. 


4 . Optimum  vorticity  for  prescribed  reference 
surfaces  H,  regime  ii. 

We  consider  an  unbounded,  incompressible  and 
inviscid  fluid  of  density  p,  in  which  we  have  a 
Cartesian  inertial  reference  frame  (x,y,z).  The 
fluid  will  have  a time  independent  velocity  field 
(~,ft,W)  of  0(c)  periodic  in  the  x direction  with 
period  b.  In  this  fluid  we  have  a reference  surface 
H periodic  in  the  x direction  also  with  period  b. 

We  remark  that  just  as  has  been  done  in  [7],  the 
whole  derivat ion  is  equally  well  possible  for  any 
finite  number  of  surfaces  H.  For  a schematic 
picture  we  refer  to  (Figure  2).  As  has  been 
discussed  in  the  last  part  of  section  2 we  replace 
the  velocity  field  (u,'K,T5)  by  another  one  (u  ,v  ,w  ) 
caused  by  a vorticity  layer  y of  0(c)  at  H,°of°  ° 
total  circulation  zero  around  H,  which  has  the 
same  normal  component  as  (ft,v,w).  Then  for  a wing 
W moving  in  an  c neighbourhood  of  H nothing  has 
changed.  © iMechE  i«77 
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When  the  wing  W has  passed  along,  it  has  left 
behind  free  vorticity  v at  H by  which  it  alters 
the  kinetic  energy  which  before  passing  belonged 
to  y only.  The  resulting  kinetic  energy  due  to 
Y and  Y together,  being  lost,  should  be  made  as 
small  as  possible.  We  introduce  the  velocity 
potential  ip  ^x,y,z)  which  belongs  to  the  velocity 
induced  by  y and  the  potential  ip(x,y,z,)  which 
belongs  to  y.Then  the  kinetic  energy  left  behind 
per  period  can  be  written  as 

E = i p *11  + k*)2  + 

*(!y  IP°  + (k  Wo  + h d>)2  )dxdyd  z(4  . I ) 

A theoretical  advantage  of  this  formulation  by 
means  of  (uOJ  v0,  w0)orip0  instead  o the  original 
field  Cu,  v,  w)  is  that  now  the  kinetic  energy 
of  the  infinte  slab  of  integration  <4 . 1 ) is  finite, 
which  need  not  to  be  the  case  for  the  original 
field  (u,  v,  w) . That  the  kinetic  energy  is  indeed 
finite  follows  from  the  fact  that  the  total  cir- 
culation around  H is  zero. 

The  quantity  E of  (4.1)  has  to  be  minimized  under 
some  constraints,  for  instance  the  mean  value 
with  respect  to  time  T of  thrust  must  have  some 
prescribed  value.  When  we  use  constraints  which 
bear  on  such  mean  values  we  can  without  restricting 
generality  replace  the  lifting  surface  by  a lifting 
line  which  leaves  behind  the  same  free  vorticity. 

For  this  lifting  line  we  can  choose  the  intersection 
of  a flat  plane;  perpendicular  to  the  x axis,  with 
H.  When  the  flat  plane  moves  with  the  velocity 
U along  the  x axis  the  lifting  line  moves  along  H 
with  a velocity  which  depends  on  the  local  "slope" 
of  H with  respect  to  the  x axis.  This  is  again 
no  restriction  of  generality.  It  will  be  shown 
that,  in  order  to  have  the  optimum  case,  it  is 
only  necessary  to  leave  behind  free  vorticity  of 
some  strength  distribution  which  is  independent 
of  the  special  velocity  distribution  with  which 
the  wing  moves  in  the  period  of  time  t over  a 
distance  b = Ur  in  the  x direction. 

Along  the  lifting  line  we  introduce  a length  para- 
meter s with  0 <_  s <_  £(t).  The  spanwise  circulation 
distribution  of  the  lifting  line  will  be  denoted 
by  r(s,t)  and  its  velocity,  which  is  tangent  to 
H,  will  have  a component  normal  to  the  lifting 
line  of  magnitude  V(s,t).  We  can  write  the  mean 
value  T with  respect  to  time  of  the  thrust  in  the 
x direction  as 
„ t i(t) 

T = p -g  / / r(s,t)  v(  s,t)  cos  (n,x)dsdt=  0(e),  (4.2) 

o o 

where  U is  again  the  mean  velocity  of  advance,  or 
which  is  the  same  the  constant  velocity  of  the 
propelled  body,  the  normal  n is  denoted  in 
(Figure  2).  Changing  the  time  integration  varia- 
ble into  a length  parameter  along  H and  locally 
perpendicular  to  s,  we  can  write  (4.2)  in  the 
form 

T=pjj-  J/(ip(P)  ]+ cos(n,x)do  (4.3) 

where  the  domain  of  integration  is  one  period 
of  the  surface  H,  P is  some  point  on  Hj),[q>(P)]_ 
is  the  jump  of  ip  across  H at  the  point  P and  do 


represents  an  element  of  area.  In  (Figure  2)  a 
possible  choice  for  the  + and  - side  of  H is 
denoted.  Remark  that  in  this  constraint  the 
velocity  V(s,t)  has  disappeared. 

More  general  it  can  be  assumed  that  the  con- 
straints on  ip  have  the  following  form,  of  which 
(4.3)  is  a special  case. 


where  the  g^  are  given  periodic  functions  of 
position  and  the  Gj  are  given  numbers.  By  (4.4) 
it  is  possible  to  impose  concurrently  a number 
of  constraints  for  instance  mean  values  with 
respect  to  time  of  thrust,  lift  forces,  moments 
and  so  on. 

Another  type  of  constraints  appear  when  at  each 
moment  of  time  or  at  each  place  a hydrodynamical 
force  action  is  prescribed.  Suppose  for  simplicity, 
that  our  real  wing  is  slender  so  that  it  can  be 
represented  with  sufficient  accuracy  by  a lifting 
live,  again  we  choose  the  intersection  of  a flat 
plane  x = f(t)  moving  in  the  positive  x direction, 
and  H.  For  H we  choose  to  fix  attention,  a cylin- 
drical strip  with  generators  parallel  to  the 
z axis.  We  remark  that  here  the  assumption  of  a 
lifting  line  is  a restriction  of  generality,  so 
that  opposite  to  the  previous  case,  the  necessary 
conditions  which  we  will  find  for  these  constraints, 
are  valid  only  for  slender  wings.  It  seems  not  to 
difficult  to  set  up  a theory  for  non  slender 
wings  and  non  cylindrical  reference  surfaces  H, 
however,  this  would  complicate  the  analysis. 

Suppose  for  instance  that  the  central  chord  of 
the  wing  moves  in  the  y = 0 plane  and  that  we 
will  prescribe  the  bending  moment  R(t)  around 
the  central  chord  as  a function  of  time,  or  be- 
cause in  this  case  the  velocities  of  the  wing 
have  to  be  known,  as  a function  of  x,  M(x).  Then 
such  a constraint  reads, 
h 

M(x)  = pV (x)  f y r(x,y)dy  (4.5) 

o 

where  the  span  of  the  lifting  line  is  2 h and 
V(x)  the  given  velocity  of  the  wing  along  H.  This 
type  of  constraint  can  be  written,  more  generally 
as 

h + 

/ g.(P)[<p(P)]_  dy  + 
o 

- G . (x)  =0,  i = M + I,...,  N,  (4.6) 

where  the  functions  G.(x)  are  prescribed  and 
should  be  chosen  in  such  a way  that  no  contra- 
dictions arise  with  constraints  of  type  (4.4).  The 
points  P in  (4.6)  lie  on  the  lifting  line. 

A variation  of  ip(x,  y,  z)  in  (4.1)  can  be  effectu- 
ated only  by  periodic  changes  of  the  free  vortici- 
ty at  H,  hence  by  changing  the  jump  [<p]*  at  H. 
Suppose  that  now  ip  represents  the  optimum  potential 
then  we  replace  <p  by  ip  + Sep,  where  Sip  is  a periodic 
potential  function.  Then  the  first  variation  of  E 
(4.1)  becomes 

«E  ■ °/  / J{^  («>o  + «P>-  £«<P 

+O0  O 

* £ (y>o + ,f>)-  + <j5)‘  34<5<pldxdyd2 

(4.7) 
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By  partial  integration  of  the  three  terms  of  the 
integrand  in  (4.7),  with  respect  to  x,y  and  z 
respectively,  we  find 

6E  = - p //  - (tp  + ip)  * [ 6ip]*  do  (4-8) 

«b  3n  0 

where  we  used  the  fact  that  iPo  and  ip  are  potential 
functions . 


The  jump  [6ip]_  in  the  disturbance  potential  can 
be  chosen  zero  everywhere  at  Hg  with  the  exception 
of  the  neighbourhood  of  some  point  P.  This  is 
most  easily  effectuated  by  placing  around  that 
point  a "slightly  distributed"  closed  vortex  ring. 
Then  [ 6cp] _ is  zero  outside  this  ring  and  has  a 
nearly  constant  value  "inside"  it.  However,  we 
have  to  satisfy  M constraints  of  type  (4.4)  and 
N - M constraints  of  type  (4.6).  In  order  to 
handle  these  we  consider  a disturbance  [6ip]* 
which  is  nonzero  in  the  neighbourhood  of  N + 1 
points  P|,  ...  Pn+]  at  Hjj.  The  integral  over 
the  disturbance  [6ip]^  at  point  P^  over  the  small 
region  where  it  is  nonzero  will  be  denoted  by 
6(p  . Then  (4.8)  becomes 
1 N 

— 6 E = -E  ~r  (q>  (P.)+ip(P.  ))  6 ip  + 

P 3 n o 4 4 4 


— ( to  ( p ) + m(  p ) ) ,5m 

3n  ' vo ' r N+ 1 ; * N+l"  VN+1 


(4.9) 


For  these  disturbances  the  constraints  of  type 
(4.4)  can  be  written  as 
N 

^ , ®i(IV  « V -Si  (PN+1)  8 ^+1  , i-1....  M. 

1=1  (4.10) 

The  constraints  of  type  (4.6)  have  to  be  handled 
more  carefully.  Because  they  are  local  we  assume 
that  the  points  V-l  ’ ' - ’ ,PN+1  ^ave  the  same  x °o- 
ordinate  (x=£)  while  the  disturbances  around 
them  satisfy  for  each  x coordinate  where  they  do 
not  vanish,  the  homogeneous  part  of  (4.6).  Now 
integrating  over  a sufficiently  narrow  strip  of 
around  x=£,  we  find  that  these  constraints  as- 
sume the  form 

1=M+1  6 'Pg=-Si^PN-H  ^ 6 Vi  ’ 

i=M+ 1 , . . , N , (4.11) 


be  true  when  the  points  P1>...,Pj.  are  not  chosen 
pathologically.  Solving  the  equations  (4.10)  and 
(4.11)  we  find  by  Cramer's  rule 

6 V -D_1  * D4j  gj  (PN+1 ) 6 Vi  * (1*-13) 

J ' 

where  D is  the  determinant  of  (4.12)  and  D^.  is  the 
minor  of  the  element  g.(P  ).  By  the  occurentle  of 
the  zero  elements  in  (4.12)  and  in  its  inverse  it 
can  be  seen  that  the  factors 

D'1  D . , 4=1  ,...,  N ; j=1  ,...,  M ; (4. 14) 

are  independent  of 


gj,  (Pj)  , 4=1  ,...,  N ; j=M+1  N , (4.15) 

and  are  zero  for  M < 4 < N.  This  is  important  for 
the  difference  of  the  influence  of  the  two  types  of 
constraints.  Indeed  the  necessary  condition  of  op- 
timality S E = 0,  by  using  (4.9),  (4.13)  and  the 
just  mentioned  properties  of  { 4 . 1 4 ) , becomes 

'Si  {lP0(PN+1)  +4>(PN+1>>  = 


M M 3cp  . D . 

1 (»r  (pi)  * “d1’  sj(pi.,)  * 

N N 3ip  ■ , D . 

4 t S (P„.,).(4.i6) 

j =M+ 1 4f1  d 


an 


N+1  ' 


Now  we  consider  the  points  P1t...,P  to  be  chosen 
at  fixed  places  at  11  , the  point  P ^ is  allowed 
to  move  freely  around  taking  with  it  the  points 
PM+1>...,P  at  the  same  value  of  the  x coordinate. 
Then  the  factor  of  g-(Pjj+1)  > j = 1 M is  a fixed 

still  unknown  constant  denoted  by  X..  The  factor  of 
g.(P-  . ) , >IW1  N , containsJthe  unknown 

functions  -gf  (P  ) , because  the  P^  , 4 =M+1  ,...,  N, 
move  around  with  P + ^ . The  unknown  functions  are 
denoted  by  y.(x).  Dropping  the  index  N+1  of  P^+, , 
we  find  for  fhe  general  point  P €11^,  as  a necei 
sary  condition  for  optimality 
- 3ip  M 

■^(P)  = IT  (p)  + x \s- (p)  + 
j=1  J J 

N 

E y.(x)  g.  (P)  , (4.1?) 

j=M+1  J J 


where  because  the  strip  of  integration  is  suffi- 
ciently small,  for  almost  all  values  of  § no 
contribution  arises  from  the  disturbances  around 
the  points  P^,...,P^. 

By  equations  (4. 10). and  (4.11)  we  can  express  the 
values  of  6 ^ , . . . , 6 into  6 4^+1  • The  coeffi- 
cient matrix  of  these  N linear  equations  for 
6 ip#,  4=1,...,  N has  the  form 


( P1  ) g/PM+1^ g1^PN^\ 


gM^P1  ^ 

0 0 


0 0 gN^PM+l'- 


, (4.12) 


■•VV' 


where  the  elements  of  the  left  lower  rectangle 
((N-M)  rows,  M columns)  are  zero.  Then  the  inver- 
se of  this  matrix  has  the  same  property,  we  assu- 
me that  this  inverse  exists  which  in  general  will 


where  the  x occurring  in  the  functions  y.  (x)  is  the 
x coordinate  of  P.  ^ 

This  is  a Neumann  problem  for  the  potential  ip  (x,y,z) 
which  has  to  be  solved  while  the  X.  and  y.  (x)  are 
still  unknown  and  have  to  be  determined  afterwards 
by  the  constraints  (4.4)  and  (4.6).  Ofcourse  we 
still  need  the  condition  that  the  total  circulation 
around  H belonging  to  this  potential  is  zero,  with 
other  words  the  potential  has  to  be  one  valued  out- 
side H.  In  principle  this  problem  can  be  treated  as 
follows.  Suppose 
00 

y.  (x)  = E v . . f ,(x),  (4.  IS) 

J j=1  1J  J 


where  the  f.(x)  are  a complete  system  of  coordinate 
functions  arid  the  u . are  still  unknown.  Then  the 
following  Neumann  problems  have  to  be  solved  numer- 
ically 


g-  (P) 

J 


0 = 1 


M , 


(4.19) 


7J7 
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(P)  = f\(x)  g.(P) 


i=M+1,...,N;j=1,2,..(4.20) 


where  again  the  x coordinate  in  the  functions  f.(x) 
is  the  x coordinate  of  P.  Then  consider  the  poten- 
tial 


M oo  N 

ip=-ia  + t X-q>-  + Z Z 

j=1  J d j = 1 i=M+1 


V-  ■ U)  • ■ 

1J  1J 


(it. 21  ) 


Substitution  of  this  ip  into  (it.it)  and  (it. 6)  yields 
linear  algebraic  equations  for  the  X • and  v • • which 
have  to  be  solved  approximately. 

In  condition  (4.17)  unknown  constants  occur  in  con- 
nection with  the  global  constraints  (it. it)  and  un- 
known functions  in  connection  with  the  local  con- 
straints (U. 6).  The  reason  is  that,  loosely  said, 
constraint  (4.6)  is  equivalent  to  infinitely  many 
constraints  (lt.lt).  Indeed  when  in  (It. 4)  the  functions 
g,(P)  are  zero  at  H except  in  the  neighbourhood  of 
tile  intersection  of  H with  a plane  x = const.,  then 
a local  condition  arises.  Hence  to  (4.6)  belongs  an 
infinite  number  of  constraints  X which  are  represen- 
ted by  the  unknown  values  of  u^(x). 

When  in  this  way  the  optimum  potential  ip(x,y,z)  be- 
longing to  the  shed  free  vorticity  is  found  it  is 
not  difficult  in  principle  to  calculate  bound  vor- 
ticity of  W which  leaves  behind  this  free  vorticity. 


At  last  we  make  a remark  about  the  case  that  is  not 
possible  to  represent  the  extractable  kinetic  energy 
F , already  present  in  the  fluid  by  a sheet  of  vor- 
ticity y and  hence  by  a potential  ip  . This  happens 
when  there  are  infinitely  many  surfaces  H which  fill 
a three  dimensional  cylinder,  as  in  the  case  for  a 
simpel  model  of  the  Voith-Schneider  propeller  (sec- 
tion 7).  Then  it  is  more  appropriate  to  use  in  the 
given  derivations  the  original  velocity  field  (u,v, 
"w).  For  instance,  in  the  principal  result  (4.17) 
the  expression  no  (P)  has  to  be  replaced  by 
“SIT 

(u,v,w).  n|  , (4.22) 

which,  by  definition  of  ipo  is  exactly  the  same. 


5.  On  optimizatjan  al_tfr£_reference  surface  H, 
regime  ii 

In  section  4 we  discussed  the  optimization  problems 
with  respect  to  lost  kinetic  energy  when  the  refer- 
ence surface  H f the  wing  was  perscribed.  In  this 
section  we  will  give  some  considerations  on  the  pos- 
sibility to  optimize  also  H itself,  hence  to  compare 
different  propulsion  systems.  We  limit  ourselves  to 
the  case  that  only  the  mean  value  T with  respect  to 
time  of  the  thrust  is  prescribed  (4.3)  In  the  fol- 
lowing we  assume  that  the  constant  velocity  U of 
the  propelled  body,  which  is  the  mean  velocity  of 
advance  of  the  propeller  is  the  same  for  the  differ- 
ent propellers  we  compare. 


First  we  show  that  it  cannot  be  expected  that  tech- 
nically realizable  reference  surfaces  H will  appear 
when  the  only  constraint  on  the  motion  of  the  flex- 
ible wings  is  that  they  have  to  stay  within  C.  We 
consider  one  flexible  wing  W moving  along  H.  Because 
only  T is  prescribed  it  follows  from  (4.17)  with 
4.3),  when  there  is  no  disturbance  potential  ip  , 
that 

-jf(P)  = X cos  (n,x)  , (5.1) 

dil 

where  P € H,  (n,x)  is  the  angle  between  the  normal 
at  H at  the  point  P and  the  x axis,  while  A is  the 
unknown  constant  which  is  determined  by  the  pre- 
scribed T by  means  of  (4.3).  From  (5.1)  it  follows 
that  the  optimum  free  vorticity  left  behind  at  H 
by  the  wing  is  the  same  as  the  vorticity  which  is 
needed  at  H when  it  is  placed  as  a rigid  inpermeable 
surface  in  a flow  with  velocity  X,  parallel  to  the 
x axis.  From  1 7 1 however  it  follows  that  the  optimum 
reference  surface  H has  to  be  such  that  it  shields 
the  entire  interior  of  C from  the  outside  and  devi- 
des  periodically  this  interior  in  finite  disconnec- 
ted regions.  Hence  H has  to  be  such  that  it  hampers 
as  much  as  possible  the  flew  in  C,  when  H is  placed 
in  the  above  mentioned  parallel  flow.  In  fact  in  the 
optimum  case  no  flow  occurs  in  C in  this  situation. 
Then  the  vorticity  on  H becomes  concentrated  on  the 
boundary  3C  of  C,  is  constant  of  strength  and  per- 
pendicular to  the  x axis.  Inversely,  when  at  H we 
have  this  vorticity  left  behind  by  W,  then  far  be- 
hind W the  shed  vorticity  creates  inside  C a homo- 
geneous flow  opposite  to  the  direction  of  the  mean 
thrust,  while  outside  C the  fluid  is  in  rest.  This 
flow  which  is  needed  for  the  balance  of  momentum, 
belongs  to  an  actuator  disk  (linearized  theory), 
with,  for  instance  as  area  the  perpendicular  cross 
section  of  C and  with  a constant  normal  load  with 
resultant  strength  T. 

We  remark  that  in  the  just  mentioned  case,  in  es- 
sence there  is  no  difference  between  a finite  num- 
ber of  wings  W.  with  reference  surfaces  H.  or  one 
wing  W with  one  H.  This  follows  from  the  J'act  that 
within  a period  one  wing  W can  follow  the  surfaces 
H.  by  "jumping"  from  one  to  another  without  shed- 
ding vorticity.  Then  H consists  of  the  H.  connected 
by  strips  where  W is  inactive. 

How  it  is  clear  that  we  cannot  expect,  under  the 
only  condition  that  H has  to  stay  within  C,  that  by 
an  optimization  process  a sufficiently  smooth  opti- 
mum H for  one  W,  comes  out.  This  because  as  has 
been  said,  H has  to  include  <*C  and  to  cut  the  inte- 
rior of  C in  finite  disconnected  parts.  The  question 
arises  which  extra  constraints  can  be  imposed  on  H 
such  that  a smooth  optimum  H exists,  which  of  course 
does  not  yield  results  as  good  as  the  H which  only 
has  to  stay  within  C. 

In  the  following  we  neglect  the  condition  that  H 
has  to  stay  within  C,  because  by  adjusting  some 
constants  this  can  be  achieved  easily.  Suppose  that 
the  admissable  reference  surfaces  H have  the  repre- 
sentation (Figure  2). 


When*  we  do  not  limit  the  dimensions  of  the  propul- 
sion system  it  will  grow  without  bounds  in  an  opti- 
mization process  when,  as  is  the  case  here,  viscos- 
ity is  neglected.  So  we  introduce  a cylinder  C with 
generators  parallel  to  the  x axis  within  which  the 
blades  or  wings  are  allowed  to  move  in  the  positive 
x direction.  Hence  in  this  linear  theory  the  shed 
free  vorticity  will  be  within  C. 


z=g(x,y)  , hi  = y 1 h2  » (5-2) 

where  the  continuous  functions  g are  "one  valued", 
periodic  with  period  b in-  the  x direction  and  have 
continuous  first  and  second  order  partial  derivati- 
ves. The  space  of  all  such  functions  will  be  denoted 
by  G.  As  a norm  we  introduce 
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||g||  = max  (|g|,|gx|,|gy|,|gxx|,|gxy|,|6yy|) 

h1=^=h2  (5-3) 

This  space  is  complete  which  means  that  for  each 
Cauchy  sequence  £ G there  consists  a g g G with 

lim  | 1 6^— S | | -*0  (5.1*) 

in  -xx) 

Next  consider  the  subset  F < G consisting  of  ele- 
ments g € G which  have  continuous  third  order  parti- 
al derivatives  with 

|sxliA2’  I sy  1 =A3  ’ * * * ’ lgxyyl=A9’  ^gyyy^=Aio' 

(5.5) 

Then  it  can  be  shown  that  F is  relatively  compact, 
by  which  is  meant  that  the  closure  f 3f  F is  compact. 

On  F we  define  the  functional  E which  is  the  kinetic 
energy  which  remains  behind  per  period  b in  the  x 
direction  when  the  lifting  surface  W moves  along 
H(z=g(x,y))  in  an  optimum  way  and  delivering  a mean 
thrust  T.  This  functional  can  be  expressed  as  fol- 
lowed. 

Denote  by  4>  = iKx,y,z)  the  velocity  potential  which 
beltings  to  the  Neumann  problem  ( compare  (5.1)) 

(p)  = cos  (n,x)  , P € H , (5-6) 

where  H is  represented  by  z = g(x,y),  g € G,  while 
* is  one  valued  outside  H.  Suppose  q(x,y,z)  = 

1 ^(x,y,z)  belongs  to  the  optimum  shed  vorticity 
when  W delivers  the  mean  value  T with  respect  to 
time  of  the  thrust.  Hence  when  denotes  again  one 
period  of  H,  X follows  from 

T = JJ  cos  (n,x)  dx  . (5-7) 

«b 

The  kinetic  energy  E which  remains  behind  can  then 
be  written  as 

r.  ,2  ff  r„n+  3$  , b2  T2 

E = p X JJ  [$]_  ^ do  = o . . ^ 

[4>]  cos  (n,x)  do 

(5.8) 


From  the  point  of  view  of  applied  mathematics  there 
seems  to  oe  little  doubt  that  the  integral  in  the 
denominator  of  the  right  hand  side  of  (5.8)  is  a 
continuous  functional  for  the  norm  (5-3)  on  G.  In 
fact  consider  two  surfaces  H1  and  Hg  represented  by 
two  equations  y^g^x.z)  and  y=g  (x,z),  then  to  each 
of  these  surfaces  belongs  lost  kinetic  energy  E.. 
and  Eg  in  the  optimum  case  for  the  same  T and  U. 
Then  it  is  acceptable  that  for  a fixed  g^x.z)  and 
variable  gg(x,z)  for  each  £ a .5(e)  exists  such  that 
when 


I I g 1 ( x , z ) - g2(x,z)||  <<5 ( e ) (5-9) 

then 

I E1  - Eg  |<  e.  (5.10) 

A rigorous  proof  of  such  a statement  is  rather  com- 
plicated, and  should  be  given  in  the  future  for  a 
good  foundation  of  the  theory. 


Assuming  this  for  granted  we  have  a continuous  func- 
tional E on  a relatively  compact  subset  F £ G.  Such 
a functional  assumes  its  extremes  hence  also  its  mi- 
nimum at  the  closure  F of  F.  Hence  G being  complete 
this  minimum  is  assumed  for  some  z=g(x,y)  € G.  This 
means  there  exists  an  optimum  H with  continuous  and 
bounded  slopes  and  curvatures  which  satisfy  (5.5) 
upto  and  including  Ag. 

Analogous  considerations  can  be  given  for  regimes  i 
and  iii,  all  be  it  that  for  the  latter  type  the 
reasoning  will  be  essentially  more  difficult.  In 
this  case  it  must  be  proved  also  that  the  place  where 
the  free  vorticity  is  deposed  by  the  base  motion, 
depends  sufficiently  smooth  on  the  line  l of 
(Figure  3). 


6.  Comparison  of  the  efficiency  of  optimum  propulsion 
systems  by  inspection,  regime  ii 

In  this  section  we  compare  optimum  propulsion  systems 
and  show  that  some  times  it  is  predictable  by  simple 
inspection  of  the  shape  of  their  reference  surfaces 
H,  which  one  will  be  the  best.  We  start  from  the 
verbal  characterization  in  italics  of  section  5 of 
the  optimum  reference  surface  H within  a prescribed 
cylinder  C.  However,  in  order  to  adapt  it  to  our 
problem  of  comparing  propellers  we  will  change  it 
slightly. 

Given  two  propulsion  devices  each,  working  in  a cy- 
linder C which  has  the  same  dimensions  for  both  and 
for  the  same  values  of  T,  U and  x or  b.  Then  the 
propeller  of  which  the  surfaces  H,  "hamper  most"  the 
flow  in  C will  have  the  highest  efficiency . 

Of  course  this  is  not  a rigorous  quantitative  state- 
ment However  we  will  show  its  applicability  by  means 
of  a numerical  example,  given  in  [9] some  years  ago, 
but  not  published  before  in  current  literature. 


The  given  examples  are  two  dimensional  so  that  in 
(Figure  2)  the  surfaces  H extend  infinitely  far  in 
the  direction  of  the  positive  and  negative  y axis. 
Hence  our  problem  is  independent  of  the  y coordinate. 
The  propulsion  device  consists  of  two  infinitely  long 
wings  Wj  and  W moving  along  the  surfaces  H1  and  Hg 
respectively  or  which  the  projection  on  the  (x,z) 
plane  are  given  by 


H1 : z^(x)  = b1-b2+5+b^cos2nx+b2cosl*irx, 
Hg:  Zg(x)  = — z 1 ( x ) , 


(6.1) 


which  are  drawn  schematically  in  (Figure  7)  for  spe- 
cific choices  of  the  numbers  b1  and  bg.  The  parameter 
6 is  still  variable.  The  two  cases  I)  and  II)  of 
(Figure  7),  are  clearly  related.  The  surface  H1  of 
of  case  II)  originates  from  H1  of  case  I)  by  a simple 
reflection  and  translation.  Hence  the  only  difference 
of  case  I)  and  II)  is  the  different  interaction  of 
their  wings  and  Wg  while  moving  along  H^  and  Hg, 
in  the  optimum  case. 


The  numerical  results  are  given  by  means  of  a number 
q belonging  to  a propeller,  which  characterizes  its 
quality.  This  quality  factor  is  defined  as  follows. 

We  prescribe  the  cylinder  C in  which  the  wings  of 
the  propeller  are  allowed  to  move  periodically,  hence 
again  the  shed  free  vorticity  remains  in  C.  Consider 
the  kinetic  energy  E per  period  b in  the  x direction 
left  behind  by  the  optimum  wings  W1  for  some  T and  U. 
Next  consider  an  actuator  disk  with  constant  normal 
load  and  total  thrust  T,  which  leaves  behind  the  ki- 
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netic  energy  E- 


ed=- 


b T 


2pSU 


per  length  b in  the  x direction 

, (6.2) 


where  S is  the  area  of  the  disk  which  equals  the 
area  of  the  cross  section  of  C and  0 is  its  velocity. 
Remember  that  T was  the  mean  value  with  respect  to 
time  of  the  thrust  and  U is  the  mean  velocity  of  the 
propeller.  Then  we  define  the  quality  factor  q, 
which  by  the  foregoing  has  to  be  less  or  equal  to 
one,  by 


For  S we  can  take  in  our  two  dimensional  example  the 
cross  section  per  unit  length  of  span  in  the  y di- 
rection. This  cross  section  consists  of  two  parts 
seperated  by  a gap  of  width  24  and  has  a total  area 
S = lb.|  as  follows  from  figure  6.1. 


We  remark  that  the  quality  factor  q is  independent 
of  T,  U and  p , which  occur  in  both  E and  E in  the 
same  way.  It  depends  only  on  the  shape  of  the  H..  We 
can  write  the  efficiency  n of  any  propulsion  system 
of  regime  ii,  by  means  of  its  quality  factor  as, 

n = = (h— L^r1  = i-o(e)  , (6. it) 

TUb+E  2 oqSU 

whidh  for  q=1  is  the  efficiency  of  the  actuator  disk 
(2.5).  From  this  it  follows  that  the  quality  factor 
is  a measure  for  the  possible  performance  of  the 
"system",  which  characterizes  it  better  than  for  in- 
stance its  efficiency.  A "system"  with  a given  q 
can  have  a large  or  a small  efficiency  by  choosing 
a small  or  a large  thrust  T;  a large  or  a small  ve- 
locity U.  However  a system  with  a larger  q will  per- 
form better  under  the  same  demands  than  a system 
with  a smaller  q. 


two  pure  cosines  of  case  III  "enclose"  more  fluid 
than  the  surfaces  and  Hg  of  case  I and  less  than 
those  of  case  II.  So  it  seems  predictable  that  for 
small  6 the  quality  factor  of  case  III  is  in  between 
the  quality  factors  of  case  I and  case  II.  By  (Fi- 
gure 8)  also  this  happens  to  be  true. 


7 . On  the  quickly  rotating  Voith-Schneider  propeller. 

We  shall  discuss  here  shortly  a simplified  picture 
of  the  quickly  rotating  vertical  axis  propeller .Theo- 
retically the  performance  of  such  a propeller  is  dis- 
cussed in  a large  number  of  papers  for  instance, 

[10],  [11]  and[12].  In  [12]  the  case  of  an  inviscid 
fluid  was  considered  and  part  of  it  was  the  base  of 
an  experimental  investigation  [13].  In  this  part  it 
was  assumed  first  that  there  are  an  infinite  number 
of  "elemental"  blades,  distributed  continuously  over 
the  blade  circle  and  second  that  the  blades  were 
infinitely  long.  The  second  assumption  means  that 
no  tip  vorticity  is  included  in  the  consideration. 
This  however  causes  an  indeterminacy  of  the  bound 
vorticity  of  the  blades  in  the  optimum  case.  A con- 
stant circulation  could  be  added  to  the  optimum 
time-dependent  vorticity  of  each  elemental  blade, 
which  by  the  infinite  length  of  the  blades  does  not 
shed  free  vorticity,  the  tip  vortices  of  this  con- 
stant vorticity  being  at  infinity.  Hence  by  this  ad- 
dition the  theoretical  efficiency  has  not  changed. 
This  constant  vorticity  however  makes  that  we  can 
choose  at  will  whether  the  blades  are  contributing 
effectively  to  the  thrust  for  instance  only  in  their 
front  position,  only  in  their  aft  position  or  equally 
at  both.  In  [13]  these  three  possibilities  have  been 
tested.  The  experiments  indicated  that  the  last  men- 
tioned type  of  equally  distributed  thrust  was  rela- 
tively the  best  one. 


In  (Figure  8)  the  quality  factor  is  given  as  a func- 
tion of  the  distance  6 between  the  two  surfaces  H^ 
and  Hg  for  the  two  cases  of  (Figure  7)  and  also  for 
the  case  III  of  pure  cosines,  hence  bg=0  in  (6.1). 
First  we  discuss  the  cases  I and  II  with  b„=0,0375 
and  bg=-0,0375  respectively  and  try  to  predict  their 
relative  efficiency.  It  is  clear  that  for  large  va- 
lues of  4 there  is  no  interaction  between  the  free 
vortex  sheets  at  H.  and  H (and  hence  of  the  wings) 
in  both  cases  I and  II.  Further  the  geometry  of  the 
surfaces  H1  and  H in  both  cases  is  the  same,  hence 
there  will  be  no  difference  in  their  quality  q for 
4"*".  When  4 becomes  smaller  interaction  will  occur. 
Then  the  flow  inside  one  of  the  two  parts  of  C is 
hampered  by  the  reference  surface  H in  the  other 
part  and  reversely.  Hence  it  is  clear  that  for  smal- 
ler 4 in  the  optimum  case  q increases  for  each  of 
the  cases  I and  II.  The  question  arises  for  which 
of  these  q increases  most.  Looking  at  H^  and  H it 
is  clear  that  in  case  II  the  region  C is  more  block- 
ed than  in  case  I.  The  surfaces  H in  case  II  are  in- 
dented more  sharply  and  "enclose"  more  fluid.  Hence 
for  small  values  of  4 the  quality  factor  q of  case 
II  will  be  larger  than  the  one  of  case  I.  All  these 
conclusions  are  confirmed  by  (Figure  8). 

Next  we  consider  case  III  (bg=0),  with  respect  to 
case  I and  II.  For  large  values  of  4 it  is  conceiv- 
able that  the  more  sharply  indented  H^  and  Hg  with 
b„=  0,0375  (cases  I and  II)  hamper  the  fluid  more 
than  the  gently  waving  pure  cosine,  although  all 
have  the  same  total  amplitude.  This  is  in  agreement 
with  (Figure  8),  where  for  large  4 the  quality  fac- 
tor of  the  cosine  is  less  than  the  quality  factor 
of  cases  I and  II.  When  4 becomes  small  however  the 


This  can  be  predicted  by  using  the  previously  dis- 
cussed concepts  for  optimization.  In  order  to  simu- 
late the  bottom  of  the  ship  under  which  the  propel- 
ler operates,  we  mirror  the  blades  with  respect  to 
this  bottom  and  consider  a vertical  axis  propeller 
of  which  the  blades  are  twice  as  long  as  the  real 
ones.  Because  we  have  infinitely  many  "elemental" 
blades,  the  cylinder  C (Figure  9)  in  which  the  free 
vorticity  is  allowed  to  be  is  "filled"  with  surfaces 
H behind  these  blades.  Placing  this  mass  of  surfaces 
H in  a stream  parallel  to  C it  follows  that  in  the 
optimum  case  no  free  vorticity  is  inside  C and  all 
free  vorticity  is  at  the  boundary  4C.  This  is  drawn 
in  (Figure  9),  where  the  arrows  are  connected  with 
a right  hand  screw  to  the  vorticity.  In  this  figure 
is  also  drawn  the  propeller  region,  which  moves  in 
the  positive  x direction  with  the  velocity  U. 

Suppose  that  the  bound  vorticity  per  unit  of  length 
of  blade  circle  is  r in  front  and  - r at  the  aft  po- 
sition of  the  blades.  When  this  bound  vorticity 
passes  the  line  a-a  it  changes  from  r to  - r hence 
leaves  behind  free  vorticity  at  the  vertical  wall 
of  strength. 

2ruiR,'U  , (7.1) 

where  H is  the  radius  of  the  blade  circle  and  w the 
rotational  velocity  of  the  blades.  The  inverse  hap- 
pens at  the  line  b-b. 

The  vorticity  shed  by  the  continuously  distributed 
tips  of  the  blades  is  drawn  a1 so  in  (Figure  9)*  The 
free  vorticity  shed  by  the  front  tips  lies  along 
cycloidal  lines.  It  is  a question  of  simple  algebra 


© IMcchE  1977 


790 


VIM  27 


to  find  that  the  tip  vorticity  of  the  front  and  aft 
tips  combine  behind  the  latter  ones  to  vorticity  of 
strength  (7-1)  at  the  lower  and  upper  boundaries  of 
C and  is  perpendicular  to  the  x axis.  By  this  the 
optimum  free  vorticity  demanded  by  the  theory  is 
created. 

We  now  can  explain  easily  the  already  mentioned  re- 
sults of  the  experiments  [13].  When  we  add  a con- 
stant velocity  to  the  whole  blade  ring,  the  free 
vorticity  behind  the  propeller  at  the  upper  and  lo- 
wer parts  of  the  boundary  6C,  will  have  components 
in  the  direction  of  the  x axis.  This  is  clearly  in 
conflict  with  the  necessary  optimum  free  vorticity 
condition.  Hence  theory  and  experiment  both  come  to 
the  result  that  the  thrust  has  to  be  delivered 
equally  by  the  front  and  the  aft  part  of  the  ring 
of  blades. 

From  this  picture  of  the  free  vorticity  we  find 
that  the  wake  behind  an  optimum  propeller  of  this 
type  equals  the  wake  of  an  actuator  disk  with  a rec- 
tangular plan  form  and  a constant  normal  load.  This 
means  that  the  quality  factor  q has  the  highest  pos- 
sible value 

q=1.  (7.?) 

Although  an  ordinary  vertical  axis  propeller  has  a 
finite  number  of  blades  ( U— 6 ) in  general  its  rota- 
tional velocity  or  better  its  advance  ratio,  is  such 
that  its  wake  is  rather  crowded  by  surfaces  H.  Hence 
it  can  be  expected  that  its  quality  coefficient  q 
is  large  qral . 

We  remark  that  with  respect  to  reality  there  are 
besides  other  shortcomings  of  this  picture,  two  dif- 
ficulties which, be  it  qualitatively,  can  be  discus- 
sed by  an  inviscid  theory.  First,  the  propeller  is 
working  under  a ship  hence  in  the  "boundary  layer", 
or  approximated  by  potential  theory,  in  layers  of 
inviscid  fluid  with  different  velocities  in  the  x 
direction.  This  means  that  the  propeller  encounters 
plane  free  vorticity  sheets  of  approximately  con- 
stant strength.  The  sheets  are  perpendicular  to  the 
z axis  and  their  vorticity  is  in  the  y direction. 

Now  the  bound  vorticity  f of  the  blades  has  to  be 
a function  of  z such  that  their  shed  free  vorticity 
annihilates  the  incoming  free  vorticity  inside  C. 

In  this  way  it  is  not  difficult  to  calculate  f(z). 

The  second  difficulty  is, can  we  realize  by  using 
rigid  blades  the  prescribed  circulation  distribution 
of  the  blades,  or  to  which  extent  is  this  possible. 
Such  a problem  would  occur  also  by  the  optimization 
of  contra  rotating  tandem  propellers. 
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Fig.  1:  Small  amplitude  flexible  wing,  regime  i.  Fig.  2:  Large  amplitude  flexible  wing,  regime  ii 


Fig.  3:  Flat  rigid  profile  A-B  moving  along  I, 
regime  iii. 


Fig.  4:  Scheme  of  energy  balance  of  a propulsion 
system  P.S. 
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I,(X) i Z,(X) 


Fig.  6 : The  "kinematic"  profile  h.  a)  during  upward 
stroke,  b)  during  downward  stroke. 


. £>1=0,15;  b2=-0,0375  icasell 
b,=  0,15;  b,  = ♦0,0  375  ; case  I 


_ 

°A'  b,=  0 , casein 


The  quality  factor  q as  a function  of  the 
minimum  distance  of  the  two  wings,  for 
three  diffe-ant  sets  of  H,  and  H2. 


Z,(X).  Z2(  x) 


Fig.  7 : Two  different  arrangements  of  geometrical 
congruent  shapes  of  the  reference  surfaces 
H,  and  H2.  I)  ^=0.15;  b2  = 0.0375,  II) 
b,  =0,15;  b2  = - 0.0375. 


Fig.  9:  The  vorticity  of  an  optimum  vertical  axis 
propeller  with  "many"  blades. 
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STEADY  AND  UNSTEADY  LOADINGS  AND 
HYDRODYNAMIC  FORCES  ON  COUNTERROTATING 
PROPELLERS 


S TSAKONAS.  W JACOBS  and  M ALI 

Stevens  Institute  of  Technology.  Hoboken.  New  Jersey.  USA 


The  linearized  lifting  surface  theory  has  been  applied  to  the  evaluation  of  blade  loadings  .■•l: 
sultant  hydrodynamic  forces  and  moments  (thrust,  torque,  bearing  forces  and  bending  moments)  of  * ' 

rotating  propeller  systems  with  equal  and  unequal  number  of  blades  operating  in  uniform  and  nonun' f 
inflow  fields,  both  units  rotating  with  the  same  RPM.  The  mathematical  model  takes  into  account  is  re  . - 
istiaally  as  possible  the  geometry  of  the  propulsive  device,  the  mutual  interaction  of  both  units  and  *’:■ 
three-dimensional  spatially  varying  inflow  field.  A computer  program  has  been  developed  adaptable  to  high- 
speed digital  computers  (CDC  6600-  7600)  for  counterrotating  propulsion  systems  of  equal  and  unequal  blade 
number  in  uniform  inflow  for  comparison  with  experimental  results  if  available. 


I.  INTRODUCTION 

The  combination  of  two  counterrotating  pro- 
pellers on  fast  ships  has  been  shown  to  offer 
considerable  improvement  in  propulsive  efficiency 
when  compared  with  a single  screw  [lj.  Further- 
more, since  the  total  required  power  is  divided 
between  two  propellers,  this  results  in  a reduc- 
tion of  blade  loaoings  and  hence  the  inception  of 
cavitation  is  delayed.  These  are  the  main  advan- 
tages of  this  propulsive  system;  its  principal 
disadvantage  lies  in  the  mechanical  compl icat ions 
in  transmitting  power  through  a coaxial  counter- 
rotating shaft. 

The  CR  (counterrotating)  propulsive  system  is 
also  expected  to  have  more  favorable  vibrational 
behavior.  From  tests  of  a 4-0-5  CR  system  (4- 
bladed  forward  and  5-bladed  after  propeller)  in  the 
wake  of  a model  of  a fast  cargo  liner  [2j,  it  ap- 
pears that  the  ratios  of  amplitudes  of  excitation 
to  mean  thrust  are  comparable  to  those  of  a single 
screw  providing  the  same  power.  However  in  these 
tests  the  nonuniform  wake  is  by  far  the  dominating 
cause  of  vibration.  The  effects  of  the  interaction 
of  both  propellers  are  small  in  comparison  and  the 
higher  frequency  excitations  cannot  be  determined 
at  al 1 accurately. 

A better  understanding  of  the  mechanism  of 
the  interaction  can  be  obtained  by  considering  the 
CR  system  under  open-water  conditions  (uniform  in- 
flow field)  so  that  wake  harmonics  are  not  present 
to  mask  the  interaction  phenomenon. 

The  calculation  procedure  is  based  on  the 
analysis  of  Reference  3 for  the  cases  of  CR  sys- 
tems of  equal  and  unequal  blade  number,  operating 
at  equal  or  unequal  RPM  in  uniform  and  nonuniform 
inflow  fields.  In  that  reference  the  true  geom- 
etry of  the  helicoidal  blades  was  taken  into  ac- 
count with  the  exception  that  blade  thickness  was 
assumed  negligible. 

In  the  present  paper,  CR  systems  of  equal  and 
unequal  number  of  blades  will  be  considered  operat- 
ing at  equal  RPM  in  a uniform  inflow  field.  The 
blade  thickness  effects  will  also  be  considered,  as 
additional  velocity  perturbations  on  the  LH  (left- 
hand)  sides  of  the  two  surface  integral  equations 
which  state  the  kinematic  conditions  on  both  units 


of  the  CR  system. 

The  development  of  this  pair  of  surface  in- 
tegral equations  is  based  on  a linearized  unsteady 
lifting  surface  theory  as  adapted  to  the  marine 
propeller  case.  Their  kernel  functions  are  derived 
by  means  of  the  acceleration  potential  method  and 
the  surface  integrals  are  reduced  to  line  integrals 
by  employing  the  mode  approach  in  conjunction  with 
the  "generalized  lift  operator"  technique  L 4 j . Then 
by  the  collocation  method  the  line  integral  equa- 
tions are  reduced  to  two  simultaneous  sets  of  al- 
gebraic equations.  Finally,  the  solution  of  these 
is  obtained  by  an  iterative  procedure,  assuming  at 
first  that  the  effect  of  the  after  propeller  on  the 
forward  propeller,  except  for  the  velocity  field 
due  to  the  thickness  of  its  blades,  may  be  neg- 
lected. 

The  computation  procedure  adapted  to  a high- 
speed digital  computer  (C0C-6600  or  7600)  will  be 
utilized  if  experimental  information  will  be  avail- 
able. 


NOMENCLATURE 


x.y.z 

(m) 


(*) 


'm<V) 


Km(V) 

m 


j ' 


-ji 
Kji.K 

L(r) 

l(R)(p) 


subscript  index  of  after  propeller 

nr0/u 

subscript  index  of  forward  propeller 

forces  in  axial,  horizontal  and  vertical 
di recti ons 

defined  in  Equation  (7a) 
modified  Bessel  function  of  order  m 
subscript  index  of  control  point 
subscript  index  of  loading  point 
modified  Bessel  function  of  order  m 
kernel  function  of  integral  equation 

modified  kernels,  after  chordwise- 
i ntegrat ions 

spanwise  loading  distribution,  Ib/ft 

spanwise  loading  components  (coefficients 
of  chordwise  distribution),  lb/ft 
i nteger  multiple 
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\nt 


Vna 


x.V.z 


A o 
rFo 

sj 

t 

U 

u 

V . ( r) 


order  of  lift  operator 
index  of  summation 

number  of  blades  of  forward  and  after  pro- 
pe 1 1 ers 

order  of  chordwise  mode 

blade  index 

perturbation  pressure 

moments  about  x-,  y-  and  z-axes 

order  of  blade  harmonic 

radial  coordinate  of  control  point 

superscript  index  of  control  point 

after  propeller  radius 

forward  propeller  radius 

1 i f t i ng  surface 

t i me 

un i form  ve loc i ty 
variable  of  integration 

Fourier  coefficients  of  velocity  normal  to 
the  blade 


e 

o(n) 

9j 


■ . r . • ; t)  induced  velocity  at  control  point 

longitudinal  coordinate  of  control  point 
• dr  cal  coordinate  system  of  control 

artesian  coordinate 
• * an  coord i nate 

hydr  . » * angle 

dista  » propeller  planes 

chordw  i se  • * • 

angular  coord^i^  * nt 

angular  chordwise  loc.** 


SbF,ebA 


e. 

j n 

Vr) 


5.?' 

S(SV.« 


p 

c 

ef 

O 

*(m) 

V 

n 


projected  semichord  le  • 
forward  and  after  propeller* 

4r(n-0  . n-1 , ...  N. 

Nj  J 


point 

of 


geometric  pitch  angle 

defined  in  Equation  (7b) 

positive  integer  multiple 

longitudinal  coordinate  of  loading  point 

cylindrical  coordinate  system  of  loading 
points 

radial  coordinate  of  loading  point 

superscript  index  of  loading  point 

mass  density  of  fluid 

angular  measure  of  skewness 

generalized  lift  operator 

angular  coordinate  of  control  point 

angular  chordwise  location  of  control  point 

angular  velocity  of  propeller  (absolute 
val ue) 


II.  LINEARIZED  UNSTEADY  LIFTING  SURFACE  THEORY 

Two  counte r rotat i nq  propellers  are  operating 
in  the  flow  of  an  ideal  incompressible  fluid.  The 
propeller  arrangement  and  the  coordinate  system  are 
shown  in  F i gure  I . 

The  basic  relation  of  the  interaction  phenom- 
enon is  that  the  negative  velocities  induced  by  the 
propulsion  system  on  each  propeller  lifting  surface 
should  be  balanced  by  the  downwash  velocity  distri- 
bution at  that  surface,  thus  expressing  the  requ i re 
nent  of  an  impermeable  boundary.  The  kinematic 
boundary  conditions  on  both  lifting  surfaces  are 
expressed  as  two  simultaneous  surface  integral  e- 
quat i ons  : 


VVW0 


ap_  (5_.Pp.e-t) 
^ F F F F 

SF 


KFF(VWWVt)dsF 


+ ^ -V^A-Vt) 


• KAF(VrF-V^BA,eA:t)dSA 

(I) 


where 


WA(xA-rA^A:t)  " -V  ^F<VVV.t) 


• KFA(xA'W'F,PF'Vt)dSF 
SA 

• KAA(xA-rA’V?A’VeA:t)dSA 

(2) 

x(x'),r,9  and  £(£').P.9:  cylindrical  coor- 
dinates of  control  and  loading 
points,  respectively 

F and  A:  subscripts  indicating  forward  and 
after  prope Her 


VV 


time,  sec 

forward  and  after  propeller  sur- 
faces, ft2 

.elocity  distributions  normal  to 
* <rward  and  after  prope  1 lers  , f t /sec 

• n loadings;  pressure  jumps 
■ ih,  l fting  surf aces , I b/f t" , 
: -R,  pressure  difference 
•■uction  side)  and 

*«  • ••  del 


K . . 
J 1 


kerne 
duced  ve 
a blade  d^r 
located  at  ea 
ft/lb-sec 


■ esen t i nq  the  i n- 
ele-«ent  i Of 
• ude  load 

• me  a t j , 


The  second  term  on  the  RH  i r j- 
of  Eq.(l)  and  the  first  term  on  the  R* 
are  the  interaction  effects.  The  rema 
are  the  self-induced  velocities  by  the  i nd  . 
propel lers . 

The  unknown  loadings  and  the  onset  velocity 
distributions  are  cyclic  in  nature.  Then  for  a 
CR  system  with  right-hand  aft  propeller  and  left- 
hand  forward  propeller  rotating  at  equal  RPM 
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- _ < \)  - v* 

-P  F(;rCF’V0’*e  ^“PF  (5F.9F.6F)e 

*k“0 

• _ ( V 'v* 

AVSA'V  V0"”'  ^“PA  ('a-'‘a-'a)c 

Kk"°  (3) 

* _ <0  -iq-~t 

UF<VWt)"R#  L.  Wp  (k.^.?). 

qp-0 

- _ (flA>  iqA"f 

WA;XA,rA,;A:t)“Pe  ^ WA  (xA,rA,tfA)e 

qA-° 

(*•) 

where  q;  designates  the  order  of  shaft  frequency 
or  order  of  harmonic  of  the  inflow  field,  Xj.  that 
of  the  loading  distribution  to  be  determined  by 
the  analysis,  and  .«  is  the  absolute  value  of  the 
angular  velocity  of  each  prope 1 1 er. ( q ; and  X^  are 
both  positive  integers.)  The  known  downwash  veloc- 
ities rind  the  unknown  loadings  are  expressed  in 
complex  conjugate  form  in  (3)  and  (A),  where  finally 
the  real  part  is  taken. 

The  velocities  W;  are  caused  by  flow  dis- 
turbances such  as  those  due  l)  to  wake,  2)  to  in- 
cident flow  angle  which  is  the  difference  between 
the  geometric  pitch  angle  6p  of  the  propeller 
blade  and  the  hydrodynamic  pitch  angle  = = tan“'lV\*r 
where  U is  forward  speed  and  r is  the  radial 
location  of  the  corresponding  helix.  3)  to  blade 
camber,  4)  to  "non-p 1 anar"  blade  thickness,  and  5) 
to  the  effects  of  the  thickness  of  the  blades  of 
each  propeller  on  the  velocity  field  of  the  other. 
Within  the  limits  of  the  linear  theory,  the  effects 
of  the  flow  disturbances  can  be  obtained  sepa^itely 
and  then  simply  added  together. 

Although  the  analysis  applies  to  both  non-: 
uniform  and  uniform  inflow,  as  mentioned  earlier*, 
the  solution  by  an  iterative  procedure  will  be  re- 
stricted to  the  uniform  inflow  case  (no  wake). 
Furthermore,  the  disturbance  due  to  the  so-called 
"non-p 1 anar"  thickness  (since  a propeller  blade 
lies  on  a helicoidal  surface  of  variable  pitch,  its 
thickness  affects  its  own  velocity  field)  will  be 
ignored  as  negligibly  small  L 5 J - 

After  the  chordwise  integrations  are  per- 
formed by  means  of  the  mode  approach  and  the 
generalized  lift  operator  technique,  the  pair  of 
surface  integral  equations  (1)  and  (2)  are  reduced 
to  the  following  set  of  line  integral  equations 
for  given  q,*  , order  of  shaft  frequency,  given  m , 
order  of  lift  operator,  and  n , order  of  chordwise 
mode  shapes,  for  the  case  of  equal  RPM : 


u F(va) 


(qc,n)  ® 

F)=J  LF  F (pp)  L Kff’  (nrij-q  +i1Np)dp 

Pp  mi*-® 

® » (\s«q  -2faNA,n) 

+J  £ L Lft  F (PA) 


Pp  /\2=0  ma=0 

;(rn.R)  / 


(ma=qF-*aNA)  <*PA 


T (rA)*J  2 Llf 
PF  \3”0  m3«0 


* ( Aa=qA+2i3NF , n) 


• K^’"^  (">3=qA+i3  Np)  dpp 

V L*  A (BA,*4£-RAA,n)  (m*=V^NA)dPA  (6) 


Here  l ( Pp)  and  l,  ( are  the  unknown 
no i — a 1 toadinq  components  of  the  n chordwise  node 
for  each  blade  in  Ib/ft  of  span,  Np  and  NA  are  the 
blade  number  of  forward  and  after  propellers,  and 
is  inteqer.  The  bars  and  superscripts  m and 
n indicate  that  the  quant i t es  have  been  inte- 
grated along  the  chord. 

The  values  of  Xr  and  shown  in  (5)  and 

(6)  are  arrived  at  by  equating  the  time-dependence 
on  LH  and  RH  sides  so  that 


- ' qp»*t  i ( X 2"2r''2 ) **t 


for  the  first  term  of  the 
first  integral  equation 

for  the  second  tern  of  that 
equat i on 

for  the  f i rst  term  of  the 
second  integral  equation 


e * e for  the  second  term  of  that 

equat i on 

and  from  the  summation  over  all  blades  of  a pro- 
peller which  is  represented  by 

N ±i(m  -X  )6  *N  for  m -X,  ml,  N.  l *0,  *1 , ... 

K K . K K K K 

n«i  LOotherwise 

where  6n  * 2'"(n-l)/N 

The  respective  kernels  are  derived  in  Refer- 
ence 3 for  RH  forward  propeller  and  IN  after, /pro- 
peller. For  LH  forward  and  RH  after  propeller, 
they  are  given  in  the  following  sec  t i on  in  final  form. 

111.  THE  KERNEL  functions 
The  Kernels  Kpp  and  KAA 

These  functions  describe  the  self-induced 
velocity  at  a point  on  a propeller  blade  due  to 
*“  unit  amplitude  load  at  various  locations  on  all 
the  blades  of  the  same  propeller.  The  development 
for  a right-hand  propeller  is  given  in  Reference  6 
and  yields 


r*  -(m,n) 
L K ' 


,n^(m=q+-tN)  * 1 1 — 

UjTTr  _ir  r J 


rj  7T — 
t o avl+a  r 


^ 1 9(0) - - 


g(u)  = ( I K)mB  • (u)€ 


( 1 K)m  ~ 


-lm(  I u+aiiNI  o)Km(  I u+aiNI  r)  for  2 < r 
Hm(  I u+a-^NI  r)  Km(  I u+a£NI  p)  for  r < p 


B 1 ( u)  « ^au  + a2  iU  + -p-J 

•^au+a“iN+  p-yi  (m\(q-  ^)ep;A(n)^(q.^ep; 

Bf  = fluid  mass  density,  slugs/ft3 

ro  = propeller  radius,  ft 
r p . 

ao*c  -o  = difference  between  skewness  of  the 
blade  at  the  control  point  r and 
skewness  at  a loading  point  p,  radians 

a * ki  rQ/U  and  p and  r are  also  non- 
d i mens ional i zed  by  rQ 
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Mil  '■» 


= subtended  angle  of  projected  semichord 
of  blade  at  r.  at  0,  radians 

lm(  ) = modified  Bessel  function  of  first  kind 
Km(  ) = modified  Bessel  function  of  second  kind 
t = 0,  ±1 , *2,  ... 


Kp"'n\ih3-q  +Z3NpiO)-'|— — ■> 

FA  A F r J 


rA  -imj(2dF-a€l 


fu  rF0  « v U.r 
A 


• e 'C(0)D(0)-  - ;;c(uj«u)-c(-u)a-u);— ■ (9) 


In  this  equation  the  chordwise  integration  is  repre- 
sented  by 

l(S)(x)  = I ; *(S)eixCOs;,'<»d90  (7a) 

o 


where  $(ffl)  is  the  lift  operator  function  and 


a(S)(v) 


~(«)e 


■i  ycos'Sa 


(7b) 


where  o(n)  is  the  chordwise  mode  shape  selected. 
(See  References  3.^.5. 6.) 

In  Eq.(6)  the  kernel  function 


K.  „ 
m4»-*  AA 


(m*4 


is  given  by  Eq . (7)  with  q=qA>  N=NA,  r=rA  an<^  C=CA‘ 

However,  r =r. the  radius  of  the  forward  propeller. 

o F0 

In  Eq.(5)  the  kernel  function 

i £ K^'n^  (mj  = - q Nr) 

is  also  given  by  Eq.(7)  but  with  q=qp,  N“Np,  r=rp 
and  p=Pp.  In  both  Eqs.(5)  and  (6),  the  radial 
positions  r and  p and  the  inverse  advance 
ratio  a are  non-dimens ional i zed  by  forward  pro- 
peller radius  r^ 


The  Kernels  i<AF  and 


These  are  the  kernels  of  the  cross-coupling 
terms  of  Eqs.(5)  and  (6).  Let  the  distance  be- 
tween the  propeller  planes  of  the  two  units  of  the 
CR  system  be  e (in  terms  of  rpg) . Then  for  a RH 
after  propeller  at  a distance  e from  a LH  for- 
ward propeller  operating  at  the  same  RPM,  the  de- 
rivations of  Reference  3 can  be  reduced  to  the 
following  final  forms: 


-N. 


_(m,n)  "A 

K.r  (m2=q  +4N.20)=  ■, — , - 

AF  F A rFo  a 7^77 


rf  im2(2 o^+ae) 


iqF(aF*aA'ae)r  i* 

■ |A(0)B(0)--  J[A(u)B(u)-A(-u)B(-o)] 

o 


du\ 
u J 


(8) 

where 

Mm2(lu-a(ma-qF)ICA)Knia(lu-a(m2-q(.)lrF)  for  PAsrp 
’^lnte(|u-a(ma-qF)lrp)Kma(|u-a(Tte-qp)|PA)  for  rp<PA 


r a mgH  r 2 ^2  n 

B(u)* |^au-a  (m2-qF)  - — J [^au-a  (m2-qF)+  — j 


iu(a--oA-ae) /a  , 
■ F * 


A<",(<:-  - ’r  - j>eiJ 


and 


where 


/m3(,u+a^  Km3(  ,u+a(m3*qA)  1 rA) 

ct± 


v|m3(lu+a(m3-q^lr^  K^  ( I u+a(m3-qA)  I p F) 


for  Pps.rA 
for  rA<PF 


2 1^3  m j “* 

0(u)=  au  + a (m3-qA)+  — au+  a*  (nti-qj  - ~r 
rA‘  PF- 


-i u(d.-c. -ae) /a  ... 

„ F A In  U.  . j 

1 V(qA‘7)W 


A(n\(-2m3  + qA  - 7)  *WJ 


The  kernels  have  been  programmed  with  proper 
consideration  being  given  to  evaluating  the  finite 
contributions  of  the  Cauchy-type  s i ngu 1 ar i t i es  in 
the  u-i ntegrat ions  at  u=0  and  of  the  Hadamard- 
type  higher  order  s i ngu 1 ar i t i es  in  the  p-integra- 
t ions  when  p — r . 

IV.  THE  NORMAL  VELOCITIES 


The  LH  sides  of  the  integral  equations  repre- 
sent the  normal  components  of  the  velocity  pertur- 
bations above  that  producing  zero  loading  (lift) 
which  corresponds  to  a rotating  thin  plate  lying  on 
the  helicoidal  surface  of  pitch  angle  (i.e.,  hydro- 
dynamic  pitch  angle) 


•/here  U = forward  speed,  r = radial  location  of 
the  corresponding  helix.  The  perturbations  con- 
sidered are  those  due  to  hull  wake  (non-uniform  in- 
flow field),  blade  camber,  incident  flow  angle,  and 
also  due  to  the  thickness  of  the  blades  which 
mainly  affect  the  velocity  field  around  both  pro- 
pellers of  the  CR  system.  The  effect  of  "nonplanar1 
thickness  which  contributes  to  the  loading  of  both 
units  is  neglected  as  being  small  l 53  - The  effects 
of  each  of  these  imposed  flows  on  the  blade  are 
calculated  separately  and  simply  added  together  as 
allowed  by  the  linearity  of  the  theory. 

The  left-hand  sides  of  the  integral  equations 
due  to  the  wake  contribution  can  be  harmonically 
analyzed  and  written  in  the  form 

W(r,8)  =2  V (r)e"q” 
q=0 

where  S can  be  expressed  in  terms  of  the  moving 
coordinator  system  attached  to  each  propeller  by 

®F  = ®0F“^F*  and  ®A  = _®0A+^At  For  the  case  of 
the  forward  and  after  propeller,  respectively,  as 
shown  in  Figure  I.  The  normal  wake  velocities 
Vn(r)  can  be  determined  from  the  harmonic  analysis 
of  the  wake  measurements,  as  shown  in  Reference  5. 
After  the  trigonometric  transformation 

6o  " ° ‘ 6bcoseo 

and  application  of  the  "lift  operator"  of  order  m 

TT 

i J 4(m)W(  r ,8)  dSQ 
o 
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the  following  expressions  result  for  the  left-hand 
sides  of  the  pair  of  integral  equations  relating 
the  unknown  loadings  with  the  given  "downwash"  at 
each  prope 1 1 e r : 


_(qA's) 

WA  (rA> 

u 


(qA) 

VA  ^ 


e"VV"Vehfl) 


for  the  after  propeller,  and  (10) 

(qF.m)  (qF) 

WF  (rF)  r\l  Mr)  -iq  c ...  n 

-£-f  ,coni[X__le  F F'  (iFebF)J 


for  the  forward  propeller.  It  should  be  noted 
that  the  factor  expiqiit  has  been  omitted  from 
the  above  expressions. 

The  velocities  induced  by  the  incident  flow 
angle  and  camber  effects  are  independent  of  time 
because  the  blades  are  considered  rigid  so  that 
only  the  steady-state  loadings  will  be  affected. 

For  the  flow  angle  (f)  effects,  the  dimen- 
sionless perturbation  velocities  after  the  appli- 
cation of  the  lift  operator  become: 

_(0,m) 


been  shown  to  be  a good  approximation  for  deter- 
mining velocity  and  pressure  .8.9-  on  a point  in 
the  neighborhood  of  an  operating  propeller  as  long 
as  it  is  not  a point  on  its  blade  and  particularly 
near  the  leading  edge.  It  should  also  be  recalled 
that  the  velocity  and  pressure  fields  generated  by 
an  operating  propeller  even  in  a uniform  inflow 
yields  steady  and  unsteady  components  of  the  re- 
spective field.  Thus  although  it  is  independent 
of  time,  the  blade  thickness  produces  both  steady 
and  unsteady  components  of  the  velocitv  field. 

Following  the  same  procedure  as  in  Reference 
8,  it  can  be  shown  that  the  dimensionless  velocity 
normal  to  the  blades  of  the  forward  propeller  in- 
duced by  the  after  propeller  thickness,  with  maxi- 
mum thickness-chord  ratio  tQ/c  . is  given  for 
dF  = 0 by 


_(0,m) 

v— ; 

' U ' t 


.^Va_ 

1+a"  r^ 


'',+aX  -<‘a> 


® p iu(^.-c.  +ae)/a  , -»  — 

•,u(.K)0F(u,PA)R.P.[e  '‘"’(I  VjdudPA  <'3> 

where 

.:lo(upA)Ko(urF)  f°rPA<rF 

° L,o(urF)Ko(uPA)  f°r  rF  < PA 


_(0,m) 

V ■ J ^ ^WrA  [0PA ( rA}  "PA ( rA>  ] 


]lR(0) 


F(u,Pa)  = 


uo,  uo  ut>,  . 

bA  bA  , bA  I 

sin  cosl 1 

a a \ a / 


for  the  forward  and  after  propellers,  respectively, 
where  6p  is  the  blade  pitch  angle  and  3 is  the 
hydrodynamic  pitch  angle  of  the  reference  helicoi- 
dal  surface  (i.e.,  of  zero  loading). 

For  the  camber  (c)  effect  of  the  forward 
propeller,  the  dimensionless  velocity  ratio  after 
the  application  of  the  lift  operator  becomes 


(O.ffl) 

,WF  (rF 

> II 


( rF>  sp) 


f(r  ,s  ) = camberline  ordinates  as  fraction 

of  expanded  chord  length,  measured 
from  the  face  pitch  line 

Sp  = ( I -coscpa)  /2 , chordwise  location 
non-dimens ional i zed  on  the  basis 
of  chord  length 

For  the  after  propeller,  the  same  expression 
is  valid  and  only  the  subscript  F must  be  re- 
placed by  A . 

The  evaluation  of  the  integral  of  (12)  is 
given  in  Reference  7 for  arbitrary  camber  shape. 


I ( ) and  K ( ) are  modified  Bessel  functions 
of  first  and  second  kind  of 
order  zero 


and  for  qp=2£NA  where  .£=1,2  ...  , by 


(2XN  ,ffi) 

iF  A(rp) 


lta“  rp^A  -i^NA(2oF-ae) 


tA  tt\  |+aSrF 

. ;^vw^  (P j 

PA  bA 


■ j F ( u ’ Pa)LG(u)  -G(-u)  ]dudpft  (|ii) 


G(u)=[au+iNA(a3-  yy  (|u  « |PA)KX  ( |u«*NA|  r ) 
rp  A A 

iu(a  -a+ae)/a  ...  \ 

•*  * F ''"WS.O 


V.  THE  EFFECTS  OF  BLADE  THICKNESS  OF  EACH  PRO- 
PELLER ON  THE  VELOCITY  FIELD  OF  THE  OTHER 

In  addition  to  the  disturbances  of  the 
velocity  field  about  each  propeller  due  to  wake, 
its  flow  angle  and  camber,  the  disturbances  con- 
sidered are  those  due  to  the  effects  of  the  thick- 
ness of  the  blades  of  one  propeller  on  the  velocity 
’incident  on  the  other.  These  normal  velocities  on 
the  LH  side  of  the  integral  equations  have  been 
developed  on  the  basis  of  "thin"  body  approxima- 
tions [8] . Furthermore,  it  is  assumed  that  the 
thickness  distribution  is  approximated  by  a 
lenticular  cross-section,  an  assumption  which  has 


for  PA<  rF . If  PA>  rF,  these  factors  are  inter- 
changed in  the  modified  Bessel  functions. 

The  velocity  normal  to  the  blades  of  the 
after  propeller  induced  by  the  forward  propeller 
thickness  is  for  qA=0 


(0,m) 

l WA  <rA\  -4aVF  pPF 


U ""  PF  bF 


er;  1+3  pf  t(pf) 


05) 
[Cont 1 d J 
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°=  i-  -iu(a  -a  +ae)/a  ,.wue  . 

•j'u(IK)0F(u,Bf)R.P.  Le  I ' V7— ^JducJPp 

° (15) 

where 


for-  pp  < rA 


rl  (up  )K  (ur  ) 

(ik)  = < 0 F 0 A 

|o(urA)Ko(uBF)  for  rA  < pF 


bF 


uS. 


bF 


u6, 


bF 


F(u,Pf)  = 


Equation  (6)  becomes  for  each  m and  n. 


for  q.  = 0 
A 


rWA°)(rA)1  - /.  (0) 


■j  % \LF  (pF)KFA(m3=0) 

c+f+tF  S F 


(2NC) 

+Lf  F (pF)KFA(m3=NF)+  ...  J dPF 

V Lr)(pA)RM(V°)dPA  ('8a) 


and  for  qA  = 2-SNp,  £=l,2,  ... 

(2iNF,m) 

,*A  (rA>\  -UNF(2aF+a«) 

/tF 


U 


; f <pF) 


• J F (u , Pp) [ N(u) -N( -u) ]dudpF  (16) 


where 


N(u)=Lao+iNF^as--j-;jl  ^(lu+a^l  pp)  ( I u+a/Npl  rA) 


-iu(aA-ar+a£)/a 


for  pp<  rA  . If  p^>rA,  these  factors  are  inter- 
changed in  the  modified  Bessel  functions. 

VI.  SOLUTION  OF  THE  PAIR  OF  INTEGRAL  EQUATIONS 

It  is  seen  from  Eqs.(5)  and  (6)  that  the 
loading  on  each  propeller  of  the  CR  system  is  af- 
fected by  all  the  harmonics  of  the  inflow  field. 
Here,  however,  the  solution  will  be  limited  to  the 
uniform  inflow  case,  i.e.,  to  the  steady-state 
normal  velocities  due  to  camber  (c)  and  to  inci- 
dent flow  angle  (f),  and  to  the  steady  and  unsteady 
effects  of  the  interaction  (i.e.,  cross-coupling 
terms)  between  the  propellers  and  to  their  respec- 
tive thicknesses. 

Equation  (5)  becomes  for  each  m and  n, 
for  qF  = 0 

1~T~ l+f+ J LJ°)(PF)KFF(V°)dPF 

f M0)  < PA>  RAF<m*=0>  +LA2Nft)<  PA>  RAF(m*“ V+  " ’ ‘}dPA 
' (17a) 


and  for  qp  = 2NA 


(2N  ) 

(rF}1 


L- 


u 


-J 


tA 


J 


(2Na) 


(pF)K'F(qF=2NA)dpF 
(2N.) 


+J’{LA°)(pA)RAF(m»’NA)+LA  A(PA)RAF(m^=2NA)+  • •}dp, 


A 

(17b) 


and  for  q.  = 2N,_ 

A F 

_( 2Np) 

A » - (n) 

L U -°(lLF  <PF)KFA(m3A) 

tF  PF 

(2Nf) 


+ Lf  F (0F)KFA(m3=2NF)  + ...  ) dpp 
+ { LA2NF)(pA)RM(V2VdPA  (,8b> 

PA 


where 


kff  = 2 kff 

rn,  =— 00 


K*  - i,  L, 
AA  AA 

m =-« 


(The  higher  frequencies  are  assumed  negligible.) 

Even  in  this  simplified  problem,  3 direct  so- 
lution of  the  equations  is  impracticable;  therefore 
an  iteration  procedure  must  be  devised.  It  is 
assumed  at  first  that  the  effect  of  the  after  pro- 
peller on  the  forward  propeller  (except  for  the 
thickness  effect)  is  small  and  hence  the  second 
terms  on  the  RH  of  Eqs.(l7a)and  (17b)  may  be  o- 
mi tted. 

The  iteration  procedure  is  given  below  for 
two  cases;  for  a CR  system  with  equal  number  of 
blades  (i.e.,  NF=NA=N)  and  for  one  with  unequal 
number  (i.e.,  NF^NA) , and  neither  one  is  an  integer 
multiple  of  the  other. 

Case  #1  ; N_=N.=N 

F A 

0-i terat ion  (first) 

_ ( 0 , m)  ( 0 , m) 

(°>")  r_  -l-l  r,W  ( rF),  /WF  ( rR)  ■. 

LF0  (PF^H_KFF(qF’0^  J *{(■  U U /J.A) 


(2N.F1) 


c+f' 
_(2N,m) 

~!  - 1 wf  (rF) 


f.  -1-1  r "c  I'r/  1 

2)  LF0  (PF)-hF(qF-2N)j 
where  K^(qF) 

_ ( 0 , m)  _ ( 0 , m) 

(0,n)  Jr/W.  (r.)  W.  (r.l 

JlL,,!,,)  - IK^IVO)] 


U C+f 

Wo”' S)5S’5) 

v «>]} 


tF 
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, -v  _(2N,m) 


tF 


■V .[C^r1  <">-"•  v“) 


in  ~\  (O.m) 

(O.n)  - -1  W (r  K 

■%c-,4r>  v>} 


L«“’5)k';’!|(.1-2».  V2«)]} 


where  K^(q  ) - KftA'  (mj 

4 


l-i teration  (second  iteration) 

(O.m)  (O.m) 

(O.S)  . r/W  (r  ) ,W  (r  ) 

1)  Lpl  (0F)=  [K^F(qF=0)]  u -/fn—  ■) 


tA 


_ s-  C(0-n)  (S>"),  ~ 

§Ai  • kaf  ("V=°’V0) 


(2NF,n) 


4)lai  (pa)=  [RAa(V2nf)]  -IV 


(2N  ,m) 

-t  '5A  (rA>' 


U 


I 


tF 


V“f)} 


where  i< ' ( q ) = 2 KFF’n^(m1) 

' i m a.®  ~ ~ 


and  ^a'V  = m&.  RAA,n)(n,*) 


“n 

I y 


+ L(2N.n)R(m,n|m2=Nj  q^Q) j; 

(2N,m) 

(2N,n)  rW  (r  ) 

2)  Lf,  (PF)=LK^(qF=  -2N)]  J 


tA 


"'tF 


r (0.n)_(m,n) 

■?aLLAI  ‘ *AF  (m2=Nl  qF=2N) 

+ L^N’.")K^F’n)(m2=2N,  qf=2N)]} 

_(0,m)  _(0,m) 

(0>")  -)  V^A  PA^  /^a  ^rA^x 

^ = ^KAA^qA=0^  "In  U '+f  > U 

(O.n)  (ffi , n) 

'FfLlfi-Rfa  (m3 =0.  qA=°) 

(2N,n)_(m,n)  1 ) 

+ lfi  • kfa  (m3=N,  qA=°)j  ) 

(2N.B) 

(2N,n)  r.  -1  f /*A  (rA\ 

4>  LA2  (qA)=[KAA<V2N)3  'UJLrv 

r (O.n)  (m,n) 

'^Llfi  • kfa  (m3=N-  V2N) 

(2N,n)  (m.n) 

+ LFI  KFA  (m3=2N.  qA=2N)J  ) 

and  so  on,  until  values  of  loadings  are  stabilized. 
Case  #2 : N^Np 
0- i terat i on  (first) 


(0,m) 

.,-1  /( CF  <rF} 


tu.n;  .)  r," 

1)  LF0  (PF)  = ^FF(qF=°)] 


2) 


U 'c+f+tA  < 

( 2 N . , m) 

Wc  A ( rc)  , 


l-i teration  (second) 


(O.n) 


-1  JYWF 


.(0,m) 


1)  Lf|  (pp)  [i<|lF(qF=0)J  "j\  u J 


c+f+tA 


(2N.,n)  , i- ,"c  t rc; 

2)  Lf?  A(PF)  = LK-F(qF=-2V]-'-ft 


F (O.n)  (m.n)  -i 

'£LLA1  " RAF  (m3=0-  qF=0)J 


_(2N  ,n) 

wF  VF) 


tA 


r (0,n)_(m,n)  -n 

§LLA1  ' KAF  ^ms=NA’qF=2NA^jJ 


t°,n) 

^ LA2  <PA)  = LKAA^qA=°^ 

-(0,m) 

,,W.  (r.) 

U U c+f+tF 


r (0,  n)  (m.n) 

£±LF1  " KFA  (m3=°-  V0)J} 


( 2 N , n) 


4>  LA2  F’(pA>  = [RM(qA  = 2VJ 


-1 


(2N_,m) 

■ {&—!&) 

L>  u tF 

^ _ (O.n) _(m,n) 


U tAJ 


, r tu.n;_tm,n;  -i-. 

VfLLF1  ' KFA  (m3”NF>  qA=2^F^ Jl 

and  so  on,  until  values  of  loadings  are  stabilized. 
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It  is  to  be  noted  that,  in  contrast  to  the 
case  of  equal  number  of  blades  for  the  two  propel- 
lers of  the  CR  system,  when  the  propellers  have 
an  unequal  number  of  blades,  NA  ? Np  , the  series 
representing  the  cross-coupling  terms  due  to  the 
interaction  effects  are  more  limited.  As 
will  be  shown  later,  for  this  case  there  is  no 
unsteady  loading  LF  on  the  forward 
propeller  at  frequency  2NF  and  no  unsteady  load- 
ing LA  on  the  after  propeller  at  frequency  2Na- 
It  should  be  kept  in  mind  that  the  iteration  scheme 
has  been  restricted  to  the  lowest  possible  frequen- 
cies of  the  interacting  CR  system.  It  will  be 
easily  generalized  by  means  of  Eqs.(5)  and  (6)  by 
varying  parameters  \ (all  integers)  to 

other  values  than  those  already  used  (0,  ±1). 


N , , i q (Cit+8  ) 

AF  = L L(q,(r)e  n cos0p(r)Ar 

x n=l  " 


N , , iq(fit+6  ) 

AF  = £ L q (r)e  n sin6  (r)cos(fit+S  )Ar 

y n=l  r n 

N , , iq(ilt+8  ) 

AF  =-£  L^q  (r)e  n sin6  (r)sin(wt+6  )Ar  (20) 

z n=|  r n 


where  6 (r)  is  the  geometric  pitch  angle  at  ra- 
dius r and  Sn=2n(n-1)/N,n=l ,2, . . . N.  The  ele- 
mentary moments  will  be  given  by 

N , , iq(Qt+6  ) 

AQx=-n2,rLlq;  (r)e  n sin6p(r)Ar 


VII.  PROPELLER  LOADING  AND  RESULTING  HYDRODYNAMIC 
FORCES  AND  MOMENTS 

Propel ler  Loadi nq 

Once  the  values  of  L^q,n^(r),  the  spanwise 
loading  components,  or  coefficients  of  the  chord- 
wise  distribution,  are  obtained,  the  spanwise  load- 
ing distribution  L'^'ir)  is  determined  as  L 5 , 6 J ; 

, . tt  nmax  , -, 

L q ( r)  * J Jj  L(q’n)(r)S(n)sinead6o  (19) 
o n«l 

where  ®(n)  = chordwise  modes.  Because  the  inter- 
action phenomenon  introduces  an  angle  of  attack 
even  in  the  steady-state  case  ®(n)  is  taken  as  the 
complete  Bimbaum  series  which  has  the  proper  lead- 
ing edge  singularity  and  satisfies  the  Kutta  con- 
dition at  the  trailing  edge.  In  this  case  it  can 
be  shown  that 


L(q.0(r)  + ' L(^2)(r) 


Hydrodynam i c Forces  and  Moments 


The  principal  components  of  these  forces  and 
moments  which  are  evaluated  for  each  member  of  the 
CR  system  are  listed  below  and  shown  in  Figure  2 
for  a RH  propeller  with  the  sign  convention  adopted. 

Forces:  Fx=thrust  (x-d i rect ion) 

Fy  and  Fz=hori zontal  and  vertical  com- 
ponents, respectively,  of 
the  bearing  forces 

Moments:  Qx=torque  about  the  x-axis 

0 and  Qz=bending  moments  about  the 

y-  and  z-axis,  respectively 
(Subscripts  F and  A added  to  these  symbols  will 
designate  forward  and  after  propeller  cases.) 

The  elementary  forces  and  moments  can  be  de- 
termined by  resolving  the  chordwise  loadings,  act- 
ing on  an  elementary  radial  strip,  normal  to  the 
strip  and  taking  the  corresponding  moments  about 
any  axis  as  in  Reference  5.  However,  for  simpli- 
fication of  the  discussion  which  follows,  the 
assumption  will  be  made,  as  in  Reference  10,  that 
the  spanwise  loading  L'v(r)  acts  at  the  mid- 
chord. This  is  exactly  the  case  as  far  as  thrust 
and  torque  are  concerned  and  a good  approximation 
for  the  transverse  bearing  forces  and  bending  mo- 
ments if  the  blades  are  not  wide,  which  is  the  case 
with  counterrotating  propellers. 

Thus  the  elementary  forces  acting  at  radius 
r of  an  N-bladed  propeller  will  be  given  by 


N , . iq(nt+0  ) 

AQ.y=  rL  *q'(r)e  n cos9p(  r)  cos  (Gt+§n)  Ar 

N , . iq(Qt+6  ) 

AQ.  = -S.rL  q (r)e  n cos9  (r)sin(Qt+6  )Ar  (21) 

z r— I r n 

The  summation  over  all  the  blades  of  a pro- 
pel ler  i nvolves 

1)  for  thrust  and  torque 

N iq§  rN  when  q=nN,  n=0,l,2  ... 

2 e n = { (22) 

n=l  H)  for  all  other  q 

2)  for  transverse  forces  and  bending  moments 

N i(q±l)5n  -N  when  q=nN+l , n=0, I ,2  ... 

H (23) 

n-'  H)  for  all  other  q 

It  is  thus  evident  that  in  the  steady-state 
case  (q=0)  thrust  and  torque  from  each  propeller 
will  be  present  (see  Eq.22),  whereas,  since  the 
condition  under  consideration  is  that  of  uniform 
inflow  into  the  forward  propeller,  there  will  be  no 
transverse  forces  and  bending  moments  (see  Eq.23). 
This  will  be  so  whether  the  propellers  are  of  equal 
or  unequal  number  of  blades. 

As  has  been  shown  the  interaction  phenomenon 
induces  unsteady  loadings  on  both  units  of  the  CR 
system.  In  the  case  of  equal  blade  number, those  on 
the  forward  propeller  are  Lp  ' ( rF) , on  the  after 

propeller,  L^^(r^).  As  seen  from  Eqs.(22)  and 
(23)  both  nropellers  generate  thrust  and  torque  at 
frequencies  q = 2£N,j£=I,2,  ...  , which  corresponds 
to  blade-blade  crossing  frequency  for  such  propel- 
lers, and  no  unsteady  transverse  bearing  forces 
and  moments,  s i nee  no  combination  of  integers  X and 
n can  satisfy  the  relation  (2£-n)N=+l. 

In  the  case  of  unequal  blade  number,  NA?*Np, 
the  unsteady  loadings  on  the  forward  propeller  are 
at  frequencies  qF=2£1NA  and  2£3Np  and  on  the 
after  propeller  at  qA=2£3NF  and  2i4NA  . The 
criterion  for  thrust  and  torque,  Eq.(22),  yields 

qp  ■ 2Ma  = njNp 

qF  - 2£aNF  = n2  Np 
qA  = 2X3Nf  = n3NA 

qA  - 2Ma  - n4NA  (22a)  > 

* 

and  the  criterion  for  transverse  forces  and  bending 
moments,  Eq.(23),  yields 
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qp  = 2MA  = n.Np  ?1 
qF  = 2XsNp  * rv,Np  +1 
qA  = 2X3Nf  = n3Nft  +1 

qA  = Zi,iUb  * n+^A  + ’ 


(23a) 


The  conditions  of  (22a)  for  thrust  and  torque  are 
always  satisfied  for  frequency  q»qF=qA  by  choos- 
ing lx  = 1±=  mNp,  I3-  Is-  mNA,  m=l,2,  ...  , so  that 
q = 2mNANp,  i.e.,  the  so-called  blade-blade  cross- 
ing frequency  and  multiples  thereof.  Equation  (22a) 
can  also  be  satisfied  at  lower  frequencies  (1)  if 
NA=kNp,  k being  an  integer,  in  which  case  choosing 
■Jyk  = la  = l3  = jJ4  k yields  q = 2mkNp,  and  (2)  if 
Na  and  Np  are  both  even  numbers,  in  which  case 
q = mNANp.  In  the  latter  two  cases  the  conditions 
of  (23a)  for  transverse  forces  and  bending  moments 
are  obviously  not  satisfied. 

When  NA»tkNp  and  NA  and  Np  are  not  both 
even  numbers,  the  CR  system  generates  thrust  and 
torque  only  at  q = 2mNANp  (blade-blade  crossing 
frequencies)  . 

The  conditions  of  (23a)  are  satisfied  for 

q = qp  +1  = 2h  Nft  +1  = njNp 

q “ qA  ±!  = 2iaNF  = n3NA 

since  2ij NA+2£3Np  = n3NA+n  Np  is  possible.  The  fre- 
quencies at  whicn  side  forces  and  bending  moments 
of  the  CR  system  occur  are 

q = 2Ma  +1  = 243Np  ±1 

from  which  2£XNA  = 243Np  ±2. 

An  easy  way  of  determining  the  frequencies 
for  alternating  forces  and  moments  is  to  write  out 
the  sequence  of  numbers  which  are  integer  multiples 
of  twice  the  blade  number.  For  example,  for  3 and 
5 blades 


<«x>F"  ‘NFroVqi<t  {4q)(rF)sin9P(rF)rFdrF 
<«xV  - Vo26'^  lLiq)(rA)sinep(rA)rAdrA 

o 

(24b) 

where  q=0  for  steady  state,  and  the  lowest  frequency 
of  the  alternating  thrust  and  torque  is 

q = 2kNp  when  NA=kNp,  k=l,2,  ... 

q = N.  N,.  when  N.^N,.  and  both  are  even  num- 
M A F . A F 
bers 

q = 2NftNp  for  al I other  NA^Np 

2)  for  transverse  bearing  forces  and  bending  mo- 
ments, when  N ^kNp  and  NA  and  Np  are  not 
both  even  numbers. 


<Fy>F  ’ T V 


(qF+l)Qt  1 (q  ) 

Jlp  (rF)sin6p(rF)drp 
o 


(FzV  = ;,(FyV 


N i(q±l)ntl  (q) 

<Fy>A-Troe  JLA  (rA)sinep(rA)drA 

o 


(Fz)A  = *'(Fy)A 


(25a) 


nf  . i(qp+')Qt  ' (qF) 

<VF=Troe  iLF  (VCOs6p(rF)rFdrF 


3: 

6 12 

18 

24 

30  ... 

<Vf= 

5: 

10 

20 

30  ... 

II 

< 

> 

The  frequencies 

for 

s i de 

forces  will  be  the  mean  of 

any  pair  of  numbers  in  the  two  squares  which  differ 
by  2,  in  this  case  11,  19  ...  . The  frequencies 
for  thrust  and  torque  will  be  the  mean  of  any  pair 
of  numbers  which  are  alike,  in  this  case  30, 60...  . 
For  6 and  4 blades,  the  two  lowest  frequencies  will 
be  24  and  48  for  thrust  and  torque.  (There  is  no 
side  force  in  this  case.) 

Another  derivation  of  the  frequencies  of  the 
alternating  forces  developed  by  interactions  be- 
tween a pair  of  counterrotating  propellers  in  a 
uniform  inflow  is  given  by  Rt';rence  11,  with  the 
same  results. 

On  the  basis  of  the  preceding  discussion,  the 
total  forces  and  moments  are  obtained  from  (20)  and 
(21)  as: 

1)  for  thrust  and  torque 

<Fx>F=  Vo^l^^V^F 


(FxV 


N.  r e 
A o 


i qWt 


J L^q)(rA)cos9p(rA)drA 


(24a) 


y F 

NA  j >(qA-0“t  ' (qA) 

— roe  h (rA)cOS0P(rA)rAdrA 

o 

<«,>»- *'<V»  <!56) 

where  the  upper  signs  (at  q=qp-l=qA+l)  are  used 
when  NA  > Np  and  the  lower  signs  (at  q=qF+l=q„-l) 
are  used  when  NA  < Np,  and  qp=2^NA  and  qA=2.%Np 
where  lx  and  1$  must  satisfy  the  condition 
2i1NA=2i3Np±2  . 

It  is  to  be  noted  that  rQ=r  = forward  pro- 
peller radius  and  rft  and  rF  are  fractions  of 
rFo>  and  that  finally  the  real  parts  of  the  forces 
and  moments  are  to  be  taken. 

Blade  Bending  Moment 


Following  Reference  6,  the  blade  bending  mo- 
ment about  the  face  pitch  line  at  any  radius  r. 
of  a blade  of  the  forward  or  after  propeller  i sJ 
calculated  from  the  spanwise  loading  l.(q)(r)  at  any 
shaft  frequency  q as 

1 (q) 


Mbq^=roe'qjL  (r)cost  ep(r)  ~ep(  rj  ) 3 ( r-rj  ) dr  (26) 

rj 

The  instantaneous  blade  bending  moment  distribution 
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as  the  blades  swing  around  the  shaft  is 

Mfa  = ReZ)Mb(c,)eiqQt  (27) 

Here  q-qp  for  the  forward  propeller  and  q=q^  for 
the  after  propeller. 

VIII.  NUMERICAL  RESULTS 

On  the  basis  of  the  theoretical  procedures 
outlined  in  the  preceding  sections,  a numerical  ap- 
proach has  been  established  and  adapted  to  the 
C0C-6600  or  7600  high-speed  digital  comouter.  The 
program  furnishes  in  the  case  of  uniform  inflow  to 
the  forward  propeller,  a)  the  steady  and  time-de- 
pendent blade  loadings,  b)  the  corresponding  hydro- 
dynamic  forces  and  moments,  and  c)  the  blade  bend- 
ing moment  about  the  face-pVtch  line  at  any  radius. 

The  expressions  for  the  kernel  functions 
given  by  E qs . ( 7-9) . those  for  the  normal  velocities 
on  the  left-hand  sides  of  the  integral  equations 
given  by  Eqs. (11-16),  and  the  pair  of  integral  e- 
quations  (17a, b and  l8a,b)  , constitute  the  desired 
working  forms.  The  computer  program  prepares  all 
the  necessary  information  for  the  execution  of  the 
suggested  iteration  procedure.  It  is  a lengthy 
program,  the  duration  depending  on  the  number  of 
blades  of  each  component  of  the  CR  system,  on  the 
number  of  selected  chordwise  modes,  and  the  number 
of  frequencies  for  which  information  will  be  de- 
s i red . 

To  establish  the  accuracy  and  usefulness  of 
the  computational  procedure,  a correlation  with 
existing  experimental  results  must  be  made.  Calcu- 
lations have  been  performed  for  two  CR  configura- 
tions for  which  data  are  available  from  tests  at 
David  Taylor  NSRDC  [12,13].  The  data  are  for  the 
two  lowest  frequencies,  ij=0  and  jfc j = 1 , and  the  com- 
putations have  been  limited  to  these  frequencies. 

The  iterative  procedure  starts  after  all  the 
required  information  has  been  computed  and  stored 
properly.  The  necessary  kernel  functions  and  in- 
verse kernel  functions  are  calculated  for  both  a 
4-0-4  and  a 4-0-5  CR  system  for  values  of  m and  q 
as  indicated  in  the  table  below. 

TABLE  1 

4-0-4  CR  System  4-0-5  CR  System 


indicates  that  the  number  of  iterations  need  not  be 
greater  than  10,  although  the  execution  time  of  an 
additional  iteration  is  minimal. 

The  4-0-4  CR  system  is  composed  of  the  David 
Taylor  NSRDC  propeller  3686  forward  and  propeller 
3687-A  aft,  and  the  4-0-5  set  of  propeller  3686 
forward  and  propeller  3849  aft  L 1 3 J . Propeller 


characteristics  and 
the  fol lowi ng  table . 

flow  err. 

TABLE  2 

Propel ler 
3686 

tions  are 

Propel ler 
3687-A 

g i ven  i n 

P rope  1 1 e r 
3849 

Number  of  Blades.N 

4 

4 

5 

EAR 

0.303 

0.322 

0.379 

P/D  at  0.7R 

1.291 

1.320 

: .287 

Diameter,  D,  in 

12.017 

11.776 

11.785 

Rotat i on 

L.H." 

J* 

R.H." 

J. 

R.H. 

n,  rps 

12 

12 

12 

Speed,  ft/sec 

13-22 

13.22 

13.22 

Advance  rate,  J 

1.1  ’ 

1 . 1** 

1.1** 

•'-L.H.  rotation  is  ccw  looking  forward 
R.H.  rotation  is  cw  looking  forward 


** J based  on  diameter  of  forward  propeller  3686 

The  theoretical  predictions  with  and  without 
thickness  effects  and  the  experimental  results  are 
summarized  in  the  following  table. 

TABLE  3 

CORRELATION  OF  PREDICTED  AND  MEASURED  VALUES 
4-0-4  CR  SYSTEM 

Forward  Propeller  3686 
After  Propel ler  3687-A 

Axial  Spacing  = 0.28  forward  propeller  radius 
J-I.l 


1 nverse 

1 nverse 

Matrix 

Matrix 

m 

q 

Matri  x 

Matrix 

m 

q 

Ll_ 

< 

0 

0 

kaf 

0 

0 

kaf 

4 

0 

kff 

0 

kff 

0 

kaf 

4 

8 

kaf 

5 

10 

kaf 

8 

8 

kff 

-8 

kff 

-10 

kfa 

0 

0 

kfa 

0 

0 

kfa 

4 

0 

kaa 

0 

kaa 

0 

kfa 

4 

8 

kfa 

4 

8 

kfa 

8 

8 

kaa 

8 

kaa 

8 

A workable  program  has  been  established  which 


0=0,  Steady  State 


THEORY 

EXPERIMENT 

Without  With 

Thickness  Thickness 

Forward 

(kt)f 

0.126* 

0.125 

Forward 

<kVf 

0.0295* 

0.0315 

After 

(*T>A 

0.145* 

0.150 

After 

(*Va 

0.0330* 

0.0315 

0 - 2N  = 

8 

Forward 

«T>F 

0.0485 

0.0285 

Forward 

<Vf 

0.0101 

0.0058 

After 

<*T>A 

0.1156 

0.0095 

After 

<~Va 

0.0242 

0.0022 

"including  friction 
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TABLE  4 

CORRELATION  OF  PREDICTED  AND  MEASURED  VALUES 
4-0-5  CR  SYSTEM 

Forward  Propeller  3686 
After  Propeller  3849 

Axial  Spacing  = 0.28  forward  propeller  radius 
J-l.l 


0 = 0,  Steady  State 

THEORY 

EXPERIMENT 

Without  With 

Thickness  Thickness 

Forward 

(kt)f 

0.087“ 

O 

Va) 

O 

Forward 

(kVf 

0.0207“ 

0.030 

After 

(Rt>a 

0. 161* 

0.130 

After 

<Va 

0.0361* 

0.028 

Qf  = 2Na- 

•1=9 

Forward 

(*FH>F 

0.0079 

0.0075 

Forward 

<*FV>F 

0.0079 

0.0074 

Forward 

<Vf 

0.0062 

0.0040 

Forward 

^QvV 

0.0062 

0.0041 

*A  = 2V 

1=9 

After 

^FH^A 

0.0231 

0.0057 

After 

0.0231 

0.0046 

After 

(“Va 

0.0159 

0.0023 

After 

^QV^A 

0.0159 

0.0023 

including  friction 
IX.  CONCLUSIONS 


Linearized  unsteady  lifting-surface  theory 
has  been  applied  in  the  study  of  two  interacting 
propellers  of  a counterrotating  system,  when  both 
units  operate  in  a spatially  non-uniform  inflow. 

A mathematical  model  is  introduced  taking  into 
account  the  exact  geometry  of  the  propulsive  sys- 
tem as  well  as  the  three-dimensional  spatially 
varying  inflow.  The  propeller  blades  are  con- 
sidered to  be  of  finite  thickness  and  lying  on  a 
helicoidal  surface  of  varying  pitch.  The  blades 
have  arbitrary  planform,  camber  and  sweep  angle. 

The  computational  procedure,  however,  has 
been  developed  and  adapted  to  the  CDC  6600  and 
7600  high-speed  digital  computer,  for  the  case 
where  both  units  operate  with  the  same  RPM  in  a 
uniform  inflow  field. 

The  uniformity  of  the  inflow  field  provides 
for  a better  understanding  of  the  mechanism  of 
interaction  of  the  CR  sys  tern,  since  the  presence 
of  wake  harmonics  would  have  such  a dominant  ef- 
fect as  to  mask  the  interaction  phenomenon. 

The  study  provides  information  about  the 
steady  and  unsteady  blade  loading  distributions 
and  the  corresponding  hydrodynamic  forces  and  mo- 
ments on  both  components  of  the  propulsive  device. 

Rules  have  been  established  for  the  presence 
or  absence  of  the  steady  and  unsteady  hydrodynamic 


forces  and  moments  when  the  CR  system  is  made  up 
of  equal  and  unequal  numbers  of  blades.  In  fact, 
when  the  propellers  of  the  CR  system  have  equal 
number  of  blades,  only  the  steady  and  unsteady 
thrust  and  torque  will  be  generated  on  each  pro- 
peller of  the  CR  system,  at  zero  and  blade-blade 
crossing  frequencies  or  multiples  thereof  (q=2£N, 
£=1,2,3  ...  and  N=common  number  of  blades).  When 
the  CR  system  is  made  up  of  propellers  with  un- 
equal number  of  blades,  i.e.,  Np#N/\,  there  is  an 
easy  way  of  determining  the  frequencies  of  al- 
ternating (unsteady)  forces  and  moments. 

The  numerical  work  has  been  limited.  The 
calculations  without  thickness  effect  have  shown 
a reverse  trend  to  that  of  experiment  for  the  un- 
steady forces  and  moments  generated  on  the  after 
propeller.  The  numerical  calculations  have  shown 
much  higher  values  for  the  forces  and  moments  ex- 
erted on  the  after  propeller  then  those  on  the 
forward  propeller.  It  is  difficult  to  explain 
the  discrepancy  until  more  detailed  and  exhaustive 
numerical  calculations  are  performed  (including 
thickness  effect).  Furthermore,  additional  ex- 
perimental work  should  also  be  conducted. 
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Fig.  1 : Counterrotating  propeller  arrangement  - 
angular  coordinates. 
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Fig.  2:  Resolution  of  forces  and  moments. 
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VIBRATION  EXCITATION  FORCES  FROM  A CAVITATING 
PROPELLER.  MODEL  AND  FULL  SCALE  TESTS  ON  A 
HIGH  SPEED  CONTAINER  SHIP 

C.-A.  JOHNSSON  and  O,  RUTGERSSON 

The  Swedish  State  Shipbuilding  Experimental  Tank,  Goteborg,  Sweden 
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AB  Gotaverken,  Goteborg,  Sweden 
O.  BJORHEDEN 
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SYNOPSIS 

In  connection  with  the  technical  trials  with  the  triple  screw  container  ship  M/S  Nihon  measurements  of  pres- 
sure fluctuations  and  observations  of  propeller  cavitation  were  carried  out.  In  the  present  report  the  re- 
sults thus  obtained  are  compared  with  the  corresponding  results  from  tests  in  cavitation  tunnel.  The  compa- 
rison also  includes  some  results 'of  theoretical  calculations. 

The  measurements  of  full  scale  vibration  are  analysed  and  compared  with  criteria  of  comfort. 

The  results  of  the  investigation  are  summarised  at  the  end  of  the  report. 

In  an  Appendix  the  different  methods  used  for  analysing  the  measurements  of  pressure  fluctuations  are 
described  and  compared. 


1.  INTRODUCTION 

When  planning  the  technical  trials  with  the  triple 
screw  container  ship  M/S  Nihon  the  idea  was  raised 
by  the  technical  staff  of  the  shipowners,  the  Bro- 
strom  Croup,  that,  as  the  ship  could  be  regarded  as 
extreme  in  several  respects,  it  would  be  of  great 
value  to  carry  out  special  measurements  and  regist- 
rations with  the  emphasis  on  vibration  and  cavita- 
tion. Accordingly  the  Swedish  Ship  Research  Founda- 
tion (SSF)  was  contacted  and  an  advisory  group 
formed . 

It  was  decided  that  the  follower v*  kinds  of  measure- 
ments should  be  carried  out  in  connection  with  the 
technical  trials: 

Observations  of  the  cavitation  patterns  on  the  back 
side  of  the  center  propeller  through  windows  in  the 
stern,  including  sketching,  photographing  and  high 
speed  filming  (to  be  carried  out  by  AB  Karlstads 
Mekaniska  Werkstad  (KMW),  the  manufacturer  of  the 
center  propeller). 

Measurement  of  the  pressure  fluctuations  caused  by 
the  propellers,  by  fitting  transducers  in  different 
places  of  the  stern,  close  to  the  center  propeller 
(to  be  carried  out  by  AB  Gotaverken,  builder  of  the 
ship  through  their  affiliate  company,  Oresundsvarvet 
AB). 

Measurement  of  the  vibrations  in  one  point  on  the 
2nd  deck  at  the  aft  end  of  the  ship  and  in  one  point 
close  to  one  of  the  pressure  transducers  (to  be  car- 
ried out  by  AB  Gotaverken). 

A preliminary  analysis  of  these  measurements  and  ob- 
servations indicated  that  the  material  could  be 
valuable  for  research  purposes  and  a special  project 
was  started  for  further  analysis  work,  including  the 
following  items: 

New  model  tests  at  the  Swedish  State  Shipbuilding 


- 
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Experimental  Tank  (SSPA)  in  order  to  get  a good 
basis  for  correlation  studies  on  cavitation  pat- 
terns and  pressure  fluctuations,  induced  by  propel- 
lers . 

Correlation  between  model  tests,  theoretical  calcu- 
lations and  full  scale  measurements  as  regards  ca- 
vitation extension  and  pressure  fluctuations  on  the 
hull,  induced  by  propellers. 

Theoretical  response  calculations  based  on  finite 
element  technique  (to  be  carried  out  by  Det  norske 
Veritas) . 

A summary  of  the  most  important  results  of  the  com- 
plete investigation  was  given  in  /l/. 

In  the  present  report  emphasis  will  be  put  on  the 
correlation  between  model  tests,  theoretical  calcu- 
lations and  full  scale  results  as  regards  cavita- 
tion on  the  center  propeller,  in  particular  the  in- 
fluence of  cavitation  on  the  pressure  fluctuations 
on  the  hull,  emanating  from  the  propeller.  The  se- 
paration of  the  influence  of  the  three  propellers 
on  the  pressure  fluctuations  is  facilitated  by  the 
fact  that  the  number  of  blades  is  different  for  the 
center  and  wing  propellers.  As  the  interest  during 
the  tests  was  concentrated  on  the  center  propeller 
the  ship  is  looked  upon,  in  the  present  report,  as 
a single  screw  ship. 

The  measurements  of  the  pressure  fluctuations  in 
the  cavitation  tunnel  were  carried  out  using  water 
of  different  gas  content  ratios,  resulting  in  dif- 
ferent cavitation  patterns.  The  influence  of  these 
differences  on  the  signals  obtained  on  the  pressure 
transducers  are  discussed  in  some  detail  in  the 
present  report. 
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2 . NOTATION 

C = single  amplitude  of  pressure  fluctuations, 

znth  harmonic 

D = propeller  diameter 

J = V^/nD  = advance  ratio  for  propeller 

J1  = V /nD 

s 

K , K = 2C  /pD2n2  = non-dimensional  amplitude 
for  pressure  fluctuations 

K „ = Q/pD5n2  = torque  coefficient 

K,p  = T/pD4n2  = thrust  coefficient 

1 = profile  length 

n = number  of  revs 

n,  j = order  of  harmonics  relative  to  blade  fre- 
quency 

P = propeller  pitch 

P - power 

p = pressure 

PQ  = static  pressure  in  ambient  flow 

Pv  = vapor  pressure 

Q = torque 

q = — p V2 

2 

R = D/2 

r = radius  of  propeller  section 

T = thrust 

= draught  of  ship,  aft 

T„  = draught  of  ship,  forward 

r 

VA  = advance  velocity  of  propeller 

Vg  = ship  speed 

VA  = inflow  velocity  to  propeller  blade  section 
0,7R  at  O.TR 

w = local  wake 

w = effective  wake  from  torque  identity 

w^,  = effective  wake  from  thrust  identity 

x = r/R 

x = chordwise  coordinate,  measured  from  leading 

edge  of  profile 

z = number  of  blades 

a = gas  content  of  water  (volume  under  standard 
conditions ) 

a = gas  content  of1  saturated  water  at  atmos- 
pheric pressure  and  a certain  temperature 
(volume  under  standard  conditions) 


a1  = gas  content  of  saturated  water  at  a certain 
pressure  and  temperature  (volume  under  stan- 
dard conditions) 

p = density  of  water 

°VA  = ^Po_pv^~pVA  = Gavi'tati°n  number  for  pro- 
peller 

a = (p  -p  )/— pD2n2  = cavitation  number  for 
n o v 2 , , 

propeller 

°o.7  = (p  -p  )/— pVo#7=  cavitation  number  of  pro- 
V 2 ' peller 

Cb  = (pQ-pv)/—  P V2  = inception  cavitation  number 
2 for  propeller  blade  section 

<f>nz  = phase  angle  of  znth  harmonic 

<(>  = blade  position  angle 


3.  SHIP  AND  PROPELLERS 

The  main  dimensions  of  the  ship  are 

Length  between  perdendiculars 
Breadth 

Draught  fully  loaded  condition 
Deadweight,  " " " 

Displacement,  ” " " 

Depth,  moulded  to  upper  deck 
" , " " 2nd 

Engines,  3 low  speed  diesels: 

Power,  center  propeller 
" , wing  propellers 

Nominal  No  of  revs 
Design  speed,  fully  loaded 


Lpp=257.60  m 
B =32.21  m 
T =11.607  m 
3^1*50  tons 
57525  m3 
23.90  m 
20.96  m 


28200  BHP 
2 x 231*00  BHP 
115  r/m 
28  knots 


Body  plan  and  contour  for  the  ship  are  given  in 
Fig  1. 

Model  scale  1:32.3. 

The  main  data  of  propellers  are  given  in  Table  1. 
Table  1 

Main  data  for  propellers 


Propeller 

Center 

Wi  ng 

Manufact 

KMW 

Stone  Mang 

Type 

Control  pitch 

Fixed  pitch 

Diameter,  m 

6.25 

5.85 

No  of  blades 

5 

6 

Blade  area  ratio. 

0.65 

0.70 

Pitch  ratio, P/Dx 
0.31  R (hub) 

1.10 

0.7  R 

1.33 

1.1*2 

1.0  R 

1.30 

Dir  of  rotation 

O 

x)  Normal  values  when  3-props  driving 
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Note.  At  the  model  tests  a right-handed  center  pro- 
peller was  used.  As  this  is  the  most  common  ar- 
rangement, it  will  be  assumed,  when  discussing  re- 
lations between  results  of  measurements  obtained  on 
starboard  and  port  side,  that  a right-handed  center 
propeller  was  fitted. 


1*.  PULL  SCALE  TESTS.  EQUIPMENT  AND  TEST  CONDITIONS. 

Most  of  the  measurements  and  observations  were  car- 
ried out  in  connection  with  the  speed  trials  but 
not  at  the  runs  on  the  measured  mile.  The  values  of 
the  ship  speed  referred  to  below  were  recorded  by 
the  log  of  the  ship,  which  is  not  a very  accurate 
method.  Accurate  registration  of  the  number  of  revs 
was  however  carried  out  in  connection  with  all  the 
measurements.  Most  of  the  results  in  this  paper  are 
therefore  related  to  number  of  revs  instead  of 
speed.  The  weather  conditions  were  good  during  the 
trials,  the  wind  speed  being  2-8  meters/sec  and  the 
sea  state  1-3  according  to  the  Douglas  scale. 

h.l  Observation  of  cavitation 

The  windows  for  observing  and  photographing  the  ca- 
vitation extension  were  placed  in  accordance  with 
Fig  1.  The  observations  were  made  mainly  through 
the  forward  window,  on  which  a water filled  prism 
was  mounted  in  order  to  obtain  viewing  angles  suit- 
able for  the  observation  of  the  back  of  the  blades 
when  in  and  around  top  position.  For  illumination 
of  the  propellers  two  stroboscopes  General  Radio 
15*40  were  placed  in  the  aft  windows.  These  strobo- 
scopes develop  40  joules  at  a flash  duration  of  17 
ps  and  at  a frequency  of  10  Hz.  When  taking  photo- 
graphs a capacitor  circuit  was  added  which  ampli- 
fied the  light  intensity  about  three  times.  For 
syncronising  the  stroboscope  with  the  shaft  a 
microswitch  was  working  against  cams  on  the  propel- 
ler shaft,  making  it  possible  to  observe  or  photo- 
graph any  blade  in  a position  desired. 

The  photographs  were  taken  by  the  use  of  a Hasselblad 
camera  equipped  with  a wide  angle  lens.  Black  and 
white  film  was  used  (Kodak  3X). 

b,2  Measurement  of  pressure  fluctuations  and  vibra- 
tions 

For  the  measurement  of  pressure  fluctuations  three 
pressure  transducers,  Endevco  8503  were  used,  being 
connected  to  three  Sanborn  carrier  frequency  ampli- 
fiers. 

Measurement  of  vibration  was  carried  out  using  two 
vibration  transducers  CEC14-102-0001  connected  to 
two  preamplifiers. 

The  signals  were  recorded  on  a 7 channel  magnetic 
tape  recorder.  Philips  Analog  7 together  with  a 
signal  for  syncronising  the  stroboscopes.  The  loca- 
tion of  the  different  transducers  is  shown  in  Fig  1. 


5.  MODEL  TESTS.  TEST  ARRANGEMENTS  AND  FACILITIES. 

5.1  Cavitation  tunnel 

The  cavitation  tests  were  carried  out  in  the  large 
cavitation  tunnel  of  SSPA  making  it  possible  to  use 
complete  ship  models  for  creating  the  wake  field 
for  the  propeller.  This  tunnel,  see  /2/,  is  powered 
by  a 1000  Hp  motor  and  has  two  interchangeable  test 
sections,  one  being  circular,  as  the  remaining  part 


of  the  circuit.  The  other  test  section,  which  is  of 
interest  in  this  connection,  is  of  rectangular 
shape  with  a breadth  of  2.6  m,  a height  of  1.5  m 
and  a length  of  about  10  m.  The  section  is  covered 
by  a recess  in  which  the  ship  model  is  placed.  This 
model  is  the  one  used  in  the  towing  tank  for  the 
self  propulsion  tests  and  it  is  normally  made  of 
paraffin  wax. 

The  vertical  position  of  the  model  is  adjusted  in 
such  a way  that  the  waterline,  corresponding  to  the 
level  of  the  free  water  surface  in  the  towing  tank, 
is  flush  with  the  top  of  the  test  section.  Indivi- 
dually cut  wooden  plates  are  then  fitted  to  simu- 
late the  free  surface,  and  the  test  section  and  the 
recess  are  filled  completely  with  water.  So  far 
flat  plates  have  been  used  and  no  attempts  have 
been  made  to  simulate  the  wave  system  around  the 
hull.  The  maximum  water  speed  is  6.8  m/sec.  An 
electric  motor  and  a strain  gauge  dynamometer  for 
measuring  thrust  and  torque  for  the  propeller  are 
placed  in  a watertight  cylinder  in  the  model.  In 
the  present  case  all  three  propellers  were  driven 
by  the  same  motor  over  a gear . The  arrangement  made 
measurement-  of  the  thrust  on  the  center  propeller 
possible . 


For  the  measurements  of  the  pressure  fluctuations 
differential  transducers  were  used,  being  of  the 
strain  gauge  type,  manufactured  -by  Statham.  The 
maximum  range  for  the  transducers,  used  at  the 
tests  in  the  cavitation  tunnel  is  ±25  psi,  the  na- 
tural frequency  being  about  9 kHz  in  air.  The  dia- 
meter of  the  membrane  is  1/V  (6.35  mm).  One  end  of 
the  transducer  was  connected  to  the  atmospheric 
pressure.  Carrier  frequency  amplifiers,  Philips 
PT  1200,  were  used,  permitting  signal  frequencies 
up  to  1250  Hz.  The  signals  were  recorded  on  a l*t 
channel  magnetic  tape  recorder  (Honeywell,  5600  C) 
together  with  two  reference  signals,  one  giving 
one  pulse  when  Blade  1 is  in  upright  position  and 
one  giving  100  pulses  on  each  revolution. 


The  loading  cases  for  the  model  tests  were  deter- 
mined in  the  way  outlined  in  Table  2 ( at  the  end  of 
the  paper),  the  values  of  number  of  revs,  power  etc 
referring  to  the  center  propeller. 


On  the  basis  of  TabI e 2 it  was  decided  to  use  the 
following  values  of  pitch  ratio,  advance  ratio  and 
effective  wake  for  the  center  propeller  throughout 


5.2  Measurement  of  pressure  fluctuations  on  the 
hull 


5.3  Model  tests.  Determination  of  loading  cases  for 
the  center  propeller 

At  the  speed  trials  speed  was  measured  using  a log 
as  well  as  Decca  registrations.  After  the  sea 
trials  the  log  was  adjusted  and  the  speed  values 
obtained  are  used  without  further  corrections.  How- 
ever the  number  of  revs  is  used  as  reference  when 
determining  the  loading  cases. 


At  the  speed  trials  the  draught  was  T^,  = 7. 30  m, 

T,  = 8,90  m giving  a mean  draught  of  8.1  m but  at 
the  tests  referred  to  in  this  report  T^  = 6.65  m, 

T^  = 10.05  m giving  a mean  draught  of  8.35  m.  Ac- 
cording to  the  model  tests  this  difference  in 
draught  and  trim  should  not  affect  the  wake  distri- 
bution and  mean  wake  very  much.  Accordingly  the  va- 
lues of  w are  very  similar  for  the  two  cases, 
which  in  turn  indicates  that  the  speed  registrations 
on  the  calibrated  log  are  reasonably  accurate. 
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the  model  tests: 

(P/D)o.y  = 1.31 
J = 0.96 

WQS  = WTS  = 0-22 

Due  to  the  arrangement  in  the  tunnel  all  three  pro- 
pellers had  to  have  the  same  number  of  revs  at  the 
model  tests.  As  the  difference  in  number  of  revs 
between  center  and  wing  propellers  was  rather  small 
in  full  scale  (see  Table  2)  and  the  interference 
between  the  propellers  is  small  anyhow  (see  Fig  3) 
this  was  considered  to  be  a reasonable  approxima- 
tion. 

Using  the  value  H = 5.71k  m,  H being  the  depth  of 
the  centerline  of  the  shaft  below  the  undisturbed 
water  surface,  the  values  of  cavitation  numbers 
shown  in  Table  3 are  obtained. 

Table  3 

Cavitation  numbers  at  model  tests 


1 

2 

3 

k 

5 

No  revs 

Cavitation 

number 

full  scale 

VA 

°VA 

0 

n 

a0.7R 

r/m 

m/s 

86 

8.60 

U.19 

3.86 

0.671 

99 

9.90 

3.16 

2.91 

0.506 

109 

10.90 

2.61 

2. ki 

0.1(18 

117 

11.70 

2.27 

2.09 

0.363 

When  setting  the  water  speed  and  number  of  revs  of 
the  propeller  at  the  cavitation  tests  thrust  identy 
between  results  of  atmospheric  tests  in  the  tunnel 
and  open  water  tests  with  the  propeller  in  the 
towing  tank  is  normally  used.  All  three  propellers 
being  driven  by  the  same  motor  in  the  present  case 
the  accuracy  of  the  thrust  measurements  could  be 
expected  to  be  lower  than  usual.  Accordingly  the 
value  w,j,  = 0.26  obtained  in  this  way  was  not  used. 
Instead  the  relation  w^/w^  from  the  corresponding 
tests  in  the  towing  tank  was  used,  giving  w^  = 0.22 
The  undisturbed  water  speed  was  set  to  5.5  m/s  giv- 
ing = k.29  m/s. 

5. k  Gas  content  ratio 

It  has  been  found  that,  in  the  tunnel  configuration 
used,  gas  content  ratio  related  to  the  pressure  in 
the  test  section  a/a  ' - 1 is  suitable  for  this 
kind  of  tests,  i e tfie  water  should  be  close  to  sa- 
turation. Within  the  range  of  static  pressures  used 
to  set  the  different  cavitation  numbers  of  Table  3 
this  corresponds  to  values  0.25  < a/a  < O.k.  It 
was  therefore  decided  to  use  a/a  = 0?25  as  a nom- 
inal value  but  to  make  investigations  also  at  one 
higher  and  one  lower  gas  content,  a/a  = O.kO  and 
a/as  = 0.07  respectively. 

6.  MODEL  TESTS.  RESULTS  OF  WAKE  MEASUREMENTS. 

Results  of  the  wake  measurements  are  given  in  Figs 
2-5-  In  Fig  2 the  results  obtained  in  the  cavita- 
tion tunnel  at  two  different  water  speeds  (2  and  6 
meters/sec)  are  compared  with  the  corresponding  re- 
sults from  the  towing  tank,  obtained  at  the  speed 
2.65  meters/sec,  the  latter  corresponding  to  Froude 


similarity.  This  comparison  shows  that  the  agree- 
ment between  cavitation  tunnel  and  towing  tank  is 
good  and  that  the  influence  of  water  speed  on  the 
results  from  the  tunnel  is  small. 

Some  of  the  results  obtained  in  the  cavitation  tun- 
nel are  shown  in  Figs  3-5. 

Fig  3 shows  the  results  obtained  at  three  different 
radii  with  and  without  driving  wing  propellers.  It 
is  evident  from  these  results  that  the  induced  flow 
from  the  wing  propellers  do  not  disturb  the  flow  to 
the  center  propeller. 

In  Fig  k some  results  of  the  measurements  with 
five-hole  pitot  tubes  are  given.  They  show  that  the 
tangential  component  of  the  wake  is  very  similar 
for  the  two  radii  investigated. 

Fig  5 shows  the  wake  distribution  in  the  plane  of 
the  center  propeller,  measured  with  driving  wing 
propellers. 


7.  CAVITATION  PATTERNS  ON  THE  CENTER  PROPELLER. 

COMPARISON  BETWEEN  OBSERVATIONS  IN  CAVITATION 

TUNNEL  AND  ON  FULL  SCALE  SHIP. 

In  Figs  6-7  the  cavitation  patterns  observed  on  the 
full  scale  propeller  at  sea  and  the  model  propeller 
in  the  cavitation  tunnel  are  compared,  the  latter 
case  being  represented  by  values  obtained  at  a gas 
content  ratio  a/a  = 0.26.  In  the  model  case  the 
maximum  as  well  as  the  mean  (steady)  extension  of 
cavitation  is  marked  in  the  diagrams. 

In  Fig  8 the  radial  extension  of  cavitation  (lead- 
ing edge)  is  shown  for  different  blade  positions 
and  number  of  revs.  Only  in  the  model  case  a com- 
plete picture  is  shown,  as  the  full  scale  observa- 
tions could  only  be  carried  out  over  a limited  num- 
ber of  angles. 

If  the  maximum  extension  of  cavitation  on  the  pro- 
peller in  a certain  blade  position  is  used  as  re- 
presentative for  the  model  case,  the  comparison  in 
Figs  6-8  shows  that  the  chordwise  extension  was 
somewhat  larger  in  the  model  case  than  in  full 
scale.  For  the  radial  extension  the  difference  is 
the  other  way  about.  These  differences  will  be  fur- 
ther discussed  in  connection  with  the  results  of 
the  theoretical  calculations  of  cavitation  exten- 
sion, see  Paragraph  9.1  • 

A significant  difference  between  model  and  full 
scale  was  however  that  the  extension  was  more 
steady  in  the  full  scale  case  i e more  similar  from 
one  revolution  to  another.  This  could  be  concluded 
from  direct  observations  as  well  as  from  the  high 
speed  films  taken  in  the  two  cases.  A difference  of 
this  kind  can  be  expected  to  affect  the  signals  of 
the  pressure  transducers  mounted  in  the  stern  above 
the  propeller  on  the  model  and  ship.  This  problem 
will  be  discussed  in  some  detail  in  Section  11. 


8.  PRESSURE  FLUCTUATIONS  ON  THE  HULL.  COMPARISON 
BETWEEN  MEASUREMENTS  IN  CAVITATION  TUNNEL  AND 
ON  FULL  SCALE  SHIP. 

8.1  Position  of  transducers 

The  pressure  fluctuations  were  measured  in  three 
points  located  in  the  same  positions  on  the  model 
and  ship,  see  Fig  1. 
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s.2  Gas  content  rv  . v 

In  the  comparison  presented  . 
results  obtained  at  the  gas 
= 0.26  in  the  tunnel,  are  used, 
measurements  at  other  gas  contents  ar- 
Section  11. 

~.i  Analysis  of  the  signals  from  the  tran.  : ■ 

The  results  used  for  the  comparison  in  Figs  9-11 
were  evaluated  by  converting  the  analog  tape  re- 
cordings from  the  tests  to  digital  form  and  carry- 
ing out  harmonic  analysis,  (see  Appendix,  Method  1). 
By  doing  so  also  the  phase  angles  between  blade  po- 
sition and  amplitude  maximum  could  be  obtained,  as 
defined  by  Eq  (1). 

p = C cos  ( nzuit  - 4 ) ( 1 ) 

*nz  nz  nz 

where 

p = instantaneous  value  of  the  nzth  harmonic  of 
the  pressure  signal 

Cnz  = suction  peak  of  the  nzth  harmonic  of  the 
pressure  signal 

4r  = phase  angle 

z = number  of  blades 

n = integer  in  = 1,  2 and  3 in  the  present  re- 
port ) . 

Thus  a value  of  4 = 0 means  that  the  suction  peak 

occurs  when  one  bSade  is  in  upright  position.  Posi- 
tive values  of  4 mean  that  the  suction  peak  oc- 
curs after  one  blade  has  passed  the  upright  posi- 
tion. 

8.1  Results  of  the  comparison 

In  Figs  ' xl  the  amplitudes  and  phase  angles  of  the 
first  and  second  harmonics  of  the  pressure  fluctua- 
tions are  shown  at  different  number  of  revs  for  the 
three  different  transducer  positions  of  Fig  1. 

As  regards  the  amplitude  of  the  first  harmonic  the 
agreement  between  model  and  full  scale  can  be  re- 
garded as  very  good  for  all  transducers.  It  may  be 
noticed  tnat,  at  higher  speeds,  when  cavitation  is 
important,  the  amplitudes  are  larger  for  the  trans- 
ducer on  the  starboard  side  than  for  the  corre- 
sponding transducer  on  the  port  side,  and  that  this 
difference  is  larger  in  the  model  case  than  in  full 
scale.  The  main  reason  for  this  is  probably  that 
most  of  the  volume  change  of  the  cavity  occurs  on 
the  starboard  side  which  is  evident  from  Fig  8. 

Thus  the  distance  between  the  dynamic  parts  of  the 
cavity  and  the  transducer  on  the  port  side  is 
larger  than  the  corresponding  distance  on  the  star- 
board side.  Further  the  hull  might  have  a shielding 
effect  on  the  port  transducer. 

The  amplitudes  of  the  second  harmonic  were,  in  gen- 
eral, smaller  at  the  model  tests  than  in  full  scale, 
when  evaluated  in  this  way.  One  of  the  main  reasons 
for  this’  seems  to  be  that  the  variation  of  the 
phase  angles  around  their  mean  values  was  consider- 
ably larger  at  the  model  tests  than  in  full  scale. 

It  is  well  known  that  such  a modulation  mainly  af- 
fects the  higher  harmonics.  This  argument  is  fur- 
ther discussed  in  Section  11,  where  it  is  also 
shown  that  the  difference  between  model  and  full 
scale  can  be  reduced,  if  the  signals  are  analysed 
in  another  way. 
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9.  CAVITATIOi;  F ATT: 

’COMPARISON  3FTW:  r ’> 

EXPER IMENT . 

0.1  Cavitation  patterns 

Using  a method  which  is  a developm< 
described  in  /3/  the  extension  of  sheet 
over  the  blades  in  different  blade  pos:'i  • 
calculated  for  the  highest  number  of  revs  run 
117  r/m.  As  shown  in  Fig  12  the  character  of  th< 
patterns  thus  obtained  for  different  blade  posi- 
tions is  similar  to  that  of  the  patterns  observed 
at  the  model  tests.  The  patterns  observed  in  full 
scale  have  a somewhat  different  appearance,  being 
characterised  by  larger  radial  and  smaller  chord- 
wise  extension  than  in  the  model  case.  Differences 
in  this  direction  were  found  in  two  of  the  three 
cases  for  which  model-full  scale  comparisons  were 
carried  out  and  published  earlier  by  SSPA,  i e 
those  published  in  /h/.  In  the  third  case  /5“6/  no 
such  tendency  could  be  found,  the  reason  probably 
being  that,  in  that  case,  the  leading  edge  radii  of 
the  model  propeller  were  larger  relative  to  the 
length  of  the  blade  sections  than  those  of  the  full 
scale  propeller,  which  may  compensate  a tendency  of 
this  kind. 

The  two  main  reasons  why  differences  between  cavi- 
tation patterns  in  model  and  full  scale  could  be 
expected  are 

a)  The  wake  distributions  are  different 

b)  Also  if  the  pressure  distribution  along  a blade 
section  is  assumed  to  be  the  same  in  model  and 
full  scale,  the  pressure-time  relation  is  dif- 
ferent . 

Results  of  investigations  on  the  influence  of  the 
wake  distribution  have  been  published  e g in  /7— 8/ 
but  no  definite  answer  can  yet  be  given  on  the 
magnitude  of  this  influence  on  the  cavitation  pat- 
terns and  pressure  fluctuations. 

The  method  used  in  the  present  paper  for  calculat- 
ing the  inception  and  extension  of  cavitation  in- 
cludes a hypothesis  on  how  the  pressure-time  rela- 
tion influences  the  inception  of  cavitation  /3/. 

The  following  equation  is  used  for  the  calculation 
of  the  radial  extension  of  cavitation 

T • /(p  -p  ! 5 = C.  (2) 

rv  rxmn  1 ' ' 
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which,for  a certain  blade  section,  corresponds  to 

(3) 


1 • ( x/1 )•  / -(a.  * C . Jq 
n i pmn 


= C. 

l 


where 

1 = profile  length 

T = time  that  the  pressure  is  below  vapor 

pressure 

(;./l)  = part  of  profile  where  the  pressure  is  be- 

low vapor  pressure 

V = inflow  velocity  to  profile 

o.  = (p  -p  )/q  = inception  cavitation  number 
based  on  velocity  V 

C • = -(p  - p . )/q 

pmn  ro  mm 

p = minimum  pressure  at  cavitation  inception 
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n tarrying  out  the  calculations , the  presence  of 
• ■ ...  represented  by  the  wake  distribution 

only.  The  amplitudes  calculated  apply  to  a field- 
: int  in  frei  n - • btain  tiu  s rr<  . j nding 
values  ir.  a point  of  tie  stern  these  values  are 
suit i pi  • : bj  a 1 i : . : arj  fa  • r"  . ■ r 

mai  vame  applying  rigorously  only  to  a flat  plate 
having  infinite  extensi  n . was  . • ] at  th< 

calculations,  is  s = 2.  Probably  this  value  applies 
only  to  the  side  of  the  ship  where  the  main  par-  f 
the  blowing  up  and  collapse  of  the  cavity  occurs 
' starboard  side  for  a right-handed  propeller'.  r\  r 
the  port  side  the  hull  may  have  a shielding  effect 
on  the  amplitudes  .most  likely  manifested  ar  a cir- 
culation around  the  stern),  giving  lover  val  ••  f 
the  factor  s.  These  phenomena  which,  at  present, 
limit  the  range  of  application  of  the  theoretical 
methods,  have  to  be  further  investigated. 

A further  feature  of  interest  in  this  connection  i. 
illustrated  by  the  diagrams  in  Fig  It  and  1",  show- 
ing values  of  the  cavitation  number  of  inception 
for  different  blade  positions  calculated  for  t re- 
present case  and  for  a tanker  propeller  >/. 


C.  = empirical  constant 

Using  Eq(3)  the  inception  cavitation  number  can  be 
calculated  for  the  different  blade  sections,  giving 
curves  of  the  kind  shown  in  Figs  16  and  17  for  de- 
termination of  the  radial  extension  of  cavitation 
for  a certain  experimental  cavitation  number. 

Using  the  same  constant  C.  as  for  the  model  case 
the  values  of  the  radial  extension  of  cavitation 
(leading  edge)  for  the  full  scale  case  were  calcu- 
lated and  compared  with  those  observed  on  the  ship, 
see  Fig  13.  The  results  shown  in  Fig  13  indicate 
that  very  nearly  the  same  difference  between  model 
and  full  scale  is  obtained  by  the  calculation  as 
that  observed  at  the  tests,  indicating  that  the 
pressure-time  relation  is  an  important  scale  effect 
factor . 

Using  an  analogous  formula  for  calculating  the 
chordwise  extension  of  cavitation  /3/  the  differ- 
ences shown  in  Fig  lU  are  calculated  for  the  blade 
positions,  15  and  4 5 degrees.  Also  in  this  case 
the  calculated  difference  between  model  and  full 
scale  is  of  about  the  same  magnitude  as  that  ob- 
served at  the  experiments. 


As  mentioned  above  the  cavitation  extension  ob- 
served in  the  cavitation  tunnel  is  very  unstable  in 
the  present  case,  see  Fig  B,  while  in  the  tanker 
case  the  extension  was  very  stable,  characterised 
by  very  little  variation  between  the  extension  from 
one  revolution  to  another. 

A possible  explanation  for  this  difference  between 
the  behaviour  of  the  cavitation  patterns  in  the  two 
cases  is  that,  as  is  evident  from  Fig  16,  the  cavi- 
tation number  for  inception  is,  in  the  present 
case,  very  nearly  the  same  for  the  blade  sections 
0.6R  - 0.8R  at  the  blade  positions  0°-30°.  Thus  a 
relatively  small  change  of  the  inflow  velocity  will 
cause  rather  large  changes  of  the  cavitation  number  of 
inception  within  this  region.  As  it  is  known  that  the 
instantaneous  flow  velocities  in  a wake  can  vary 
appreciably  with  time  this  offers  a plausible  expla- 
nation for  the  variations  of  the  cavitation  exten- 
sion shown  in  Fig  8.  In  the  tanker  case  the  corre- 
sponding variations  of  the  inflow  velocities  cause 
only  relatively  small  variations  of  the  extension  of 
cavitation.  Thus  the  degree  of  instability  of  the 
signals  can  be  expected  to  vary  from  one  propeller 
to  another,  important  factors  being  radial  pitch 
distribution  /9,  10/,  blade  form,  pitch  ratio  etc. 


9.g  Pressure  fluctuations  on  the  hull 

Based  on  the  calculated  extension  of  cavitation, 
shown  in  Figs  l?-ll4,  the  amplitudes  and  phase 
angles  of  the  pressure  fluctuations  of  blade  fre- 
quency and  twice  blade  frequency  were  calculated  by 
the  use  of  SSPA  program  159,  see  /6/.  The  calcula- 
tions were  carried  out  for  the  three  points  shown 
in  Fig  1,  for  which  results  are  available  from 
measurements  in  full  scale  and  in  cavitation  tun- 
nel. 

The  results  of  the  comparison  between  calculation 
and  experiment  are  shown  in  Fig  15.  The  results  in- 
dicate good  agreement  between  calculated  and 
measured  amplitudes  for  the  points  B (starboard) 
and  D (centerline). 

For  point  C (port)  the  calculations  give  too  high 
values,  compared  to  experiment.  Thus  the  difference 
between  starboard  and  port  sides  seems  to  be  under- 
estimated by  the  calculations.  A possible  explana- 
tion of  this  result  might  be  the  following: 
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What  remains  to  be  explained  is  why  the  cavitation 
extension  is  more  stable  in  full  scale  than  in 
model  scale.  One  circumstance  to  be  mentioned  is 
that  the  wake  is  narrower  in  full  scale  due  to  thin- 
ner boundary  layer  on  the  ship.  As  the  significant 
velocity  variations  are  related  to  the  boundary 
layer  thickness,  this  should  mean  smaller  variations 
in  full  scale.  Further  the  relation  between  the 
blade  frequency  and  the  frequency  of  the  predominant 
velocity  variations  should  be  different  in  model  and 
full  scale.  This  problem  can  be  further  investigated 
by  making  registrations  of  the  instantaneous  veloci- 
ties in  the  wake  in  model  and  full  scale. 


10.  MEASUREMENTS  OF  VIBRATION  ON  THE  SHIP 

Measurement  of  vibration  of  the  ship  was  carried 
out  in  several  points  in  the  deck  house  aft  in  a 
way  which  is  standard  for  the  ships  delivered  by 
Gotaverken.  For  two  points  the  values  were  however 
registered  on  a tape  recorder,  one  of  the  points 
being  close  to  one  of  the  transducers  used  for 
measurement  of  pressure  fluctuations  (the  one  on  the 
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port  side)  and  one  being  located  on  upper  deck,  ex- 
treme aft,  see  Fig  1. 

On  both  transducers  small  vibrations  were  recorded, 
indicating  that  the  recordings  of  the  pressure 
fluctuations  can  be  used  without  corrections. 

The  recordings  of  the  transducer  located  on  the  up- 
per deck  were  analysed  in  a way  similar  to  the  re- 
cordings of  the  pressure  fluctuations.  Some  results 
thus  obtained  are  given  in  Fig  18  and  they  will  be 
discussed  somewhat  in  detail  below. 

Two  kinds  of  amplitudes  are  given  in  Fig  18. 

a)  Mean  values  of  the  amplitudes  of  blade  frequen- 
cy, twice,  three  tines  and  four  times  blade  fre- 
quency harmonics. 

b)  Mean  and  maximum  values  of  the  raw  signals  or 

(peak  to  peak  values)  • .5.  The  mean  values  ar? 

taken  over  about  ten  revs  and  the  maximum  value 
is  occurring  once  during  this  time. 

The  results  are  compared  to  some  of  the  limits  pro- 
posed by  ISO  /ll/.  It  should  be  noted  that  the  ISO 
limits  are  given  as  accelerations  in  /ll/.  However 
when  transformed  into  vibration  velocities,  as  in 
Fig  18,  they  give  values  independent  of  frequency 
for  frequencies  above  8 Hz  for  vertical  vibrations 
and  2 Hz  for  horisontal  vibrations. 

The  following  comments  can  be  made  to  the  results 
presented  in  Fig  18. 

The  difference  between  the  mean  values  of  the  first 
harmonic  and  the  mean  values  of  the  raw  signal  is 
rather  large  compared  to  what  is  the  case  for  the 
pressure  fluctuations.  Further  the  relative  magni- 
tude of  the  higher  harmonics  compared  to  the  first 
harmonic  is  larger  than  for  the  pressure  fluctua- 
tions. 

The  main  reason  for  this  difference  is  most  likely 
that  the  vibration  is  caused  by  the  total  force  on 
the  stern,  integrated  from  local  pressures  having 
different  phase  angles  relative  to  the  blades. 
Because  of  this  the  signals  can  be  expected  to  con- 
tain more  higher  harmonics  and  thus  the  difference 
between  the  largest  harmonics  and  the  peak  to  peak 
values  is  rather  large. 

It  is  evident  from  the  diagram  in  Fig  18  that  the 
.degree  of  unpleasantness  indicated  by  a comparison 
of  the  vibration  levels  with  the  different  limits 
proposed  by  ISO  is  highly  dependent  on  how  the  vib- 
ration signals  are  analysed. 

It  is  pointed  out  in  the  ISO  recommendations  that 
the  limits  proposed  apply  strictly’ to  sinusoidal 
vibrations  of  one  frequency  only.  The  results 
should  be  obtained  from  1/3  octave  band  analysis, 
the  center  frequency  being  used  as  reference.  This 
corresponds  closely  to  the  harmonrcs  given  in  Fig 
18,  at  least  for  blade  frequency.  For  non-sinusoidal 
vibration,  random  or  broad  band,  it  is  assumed  that, 
in  respect  of  human  tolerance,  no  significant  in- 
teractions occur  between  vibration  effects  at  dif- 
ferent frequencies.  This  view  is  in  contrast  to 
/12/  in  which  it  is  recommended,  in  principle,  that 
the  different  harmonics  should  be  added  together. 

In  this  particular  case  this  gives  a result  which 
very  closely  corresponds  to  the  peak  to  peak  values, 
see  Fig  18. 
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The  peak  to  peak  values  are  very  often  used  a.;  re- 
ference when  vibration  levels  are  discussed  for 
ships  delivered  by  the  Swedish  shipyard. 

Thus  two  ways  of  comparing  results  of  vibration 
measurements  with  the  ISO  limits  exist,  which  are 
not  in  agreement  with  what  is  proposed  in  the  IF 
draft  recommendations  /ll/.  This  may  create  con- 
fusion when  different  ships,  delivered  by  different 
shipyards,  are  compared  from  vibration  point  f 
view. 


n.  FURTHER  COMPARISONS  BETWEEN  RESULTS  OBTAINED 
AT  SEA  AND  IN  CAVITATION  TUNNEL 

11.1  Ueneral 

In  Section  8 a comparison  was  made  between  press- 
ure fluctuations  in  three  different  points  of  the 
hull,  registered  in  cavitation  tunnel  and  at  sea. 
The  comparison  was  based  on  the  mean  values  of  the 
blade  frequency  and  twice  blade  frequency  har- 
monics over  a large  number  of  revolutions,  the 
model  case  being  represented  by  results  obtained  at 
the  gas  content  a/a  = 0.2b  of  the  tunnel  water.  It 
was  commented  that  the  agreement  between  modej.  and 
full  scale  is  very  good  for  the  blade  frequency 
harmonics  but  that  the  model  tests  give  too  low 
amplitudes  for  the  twice  blade  frequency  harmonics. 

In  connection  with  the  discussion  of  the  results  of 
the  theoretical  calculations  of  the  cavitation  ex- 
tension in  Paragraph  9.1,  it  was  shown  that  the 
time  variations  of  the  inflow  velocity  to  the  pro- 
peller known  to  exist  in  a wake  of  this  kind  can 
be  expected  to  cause  variations  of  the  cavitation 
extension  from  one  revolution  to  another,  which 
are  rather  large  in  the  present  care,  compared  to 
many  other  cases.  As  a plausible  explanation  why 
the  cavitation  extension  is  more  stanle  in  the  full 
scale  case  than  at  the  cavitation  tunnel  tests  was 
mentioned  that  the  time  variations  of  the  veloci- 
ties in  the  wake  can  be  expected  to  be  smaller  in 
full  scale  and  the  relation  between  the  character- 
istic frequency  of  the  variations  and  the  blade 
frequency  different  in  the  two  cases. 

The  instabilities  mentioned  above  are  most  likely 
one  of  the  main  reasons  for  the  instabilities  of 
the  signals  of  the  pressure  transducers.  The  lat- 
ter disturbances  can  be  of  two  kinds: 

a)  The  fact  that  the  cavitation  inception  starts 
at  different  blade  positions  for  different  re- 
volutions can  be  expected  mainly  to  cause  a 
phase  angle  modulation. 

b)  The  fact  that  the  growth  and  disappearance  of 
the  cavity  for  some  revolutions  is  completed 
faster  than  for  others  causes  mainly  a modula- 
tion of  the  amplitudes  of  the  signal. 

Another  factor  which  can  be  expected  to  influence 
the  degree  of  instability  of  the  cavitation  pat- 
terns at  the  cavitation  tunnel  tests  is  the  gas 
content  of  the  water.  To  try  to  clarify  how  such 
instabilities  affect  the  comparison  with  full 
scale  it  was  decided  to  vary  the  gas  content 
within  rather  wide  limits  at  the  model  tests  in- 
cluded in  the  present  investigation.  Accordingly 
tests  were  carried  out  at  three  gas  content 
ratios  a/o t = 0.07  , 0.26  and  0.L0. 

When  being  used  for  the  present  purpose  it  is 
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important  that  the  signals  are  properly  analysed. 

To  try  to  accomplish  this  several  methods  have  been 
tried  at  SSPA  over  the  years  and  the  results  com- 
pared. A description  of  these  methods  and  some  com- 
parative results  when  applying  them  in  the  present 
case  are  given  in  the  Appendix  and  in  Fig  25. 

It  was  found  that,  for  the  purpose  of  the  dis- 
cussion below,  the  best  method  is  the  one  referred 
to  as  No  1 in  the  Appendix. 

When  using  this  method  the  analog  signals  are  digi- 
tised and  both  maximum  and  mean  values  determined 
for  the  different  harmonics,  as  well  as  for  the  un- 
filtered signals. 

Some  results  obtained  when  applying  this  method  to 
the  signals  obtained  from  the  transducer  located  in 
the  centerline  of  the  ship  and  model  are  shown  in 
Figs  19-2U. 

In  Figs  19-21  the  signals  registered  by  the  center- 
line  transducer  on  the  ship  at  three  different  num- 
ber of  revs  and  in  the  cavitation  tunnel  at  the 
corresponding  cavitation  numbers  are  shown.  The 
model  tests  are  represented  by  results  obtained  at 
three  different  gas  content  ratios  of  the  water  i e 
a/ao  = 0.07  , 0.26  and  0.1*0.  The  signals  shown  can 
be  characterised  as  trains  of  pulses,  the  periodi- 
city being  5 pulses  per  revolution.  The  shape  of 
the  pulses  is  rather  similar  but  variations  in  am- 
plitudes and  phase  angles  occur  from  one  revolution 
to  another . 

In  Figs  19-21  also  the  amplitude  spectra,  obtained 
by  the  analog  analysis  method.  Method  1*  (see  Appen- 
dix) are  shown. 

The  results  of  an  analysis  of  the  signals  by  the 
use  of  the  digital  "harmonic  sampling"  technique 
(Method  1)  appear  from  the  diagrams  in  Figs  22-21*. 
Two  investigations  are  covered  by  the  diagrams, 
which  will  be  discussed  separately,  i e the  in- 
fluence of  gas  content  at  the  model  tests  and  the 
comparison  between  signals  obtained  in  cavitation 
tunnel  and  on  the  full  scale  ship. 

11.2  Influence  of  the  gas  content  of  the  water  at 
the  model  tests 

The  variation  of  the  gas  content  at  the  cavitation 
tunnel  tests  covered  the  rather  wide  range 
0.07  < a/a  <_  0.1*0,  the  higher  value  being  the 
practical  fimit  at  these  low  cavitation  numbers 
when  considering  visibility  of  the  water  and  possi- 
bilities of  maintaining  constant  pressure  in  the 
test  section.  In  spite  of  this  the  maximum  exten- 
sion of  cavitation  on  the  propeller  blades  at  dif- 
ferent blade  positions  was  very  nearly  the  same  for 
all  three  air  contents  used,  the  main  difference 
between  the  different  tests  being  that,  the  lower 
the  gas  content,  the  more  unstable  the  extension  of 
cavitation.  Accordingly  the  pressure  signals  ob- 
tained at  different  air  contents  are  of  different 
character,  see  Figs  19-21.  There  are  however  in  no 
case  any  abrupt  changes  of  the  amplitude  level  from 
one  rev  lution  to  another  of  the  kind  reported  in 
/10/  for  propellers  having  unloaded  blade  tips. 

The  following  effects  of  gas  content  can  be  detect- 
ed in  the  diagrams  in  Figs  22-2U. 

The  amplitudes  of  the  unfiltered  signals  show  very 
little  variation  with  gas  content.  Only  for  the 
lowest  propeller  speed  and  the  lowest  gas  content 
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the  amplitudes  are  reduced  considerably.  It  is  in- 
teresting to  note  that  the  unfiltered  signal  re- 
gistered in  the  cavitation  tunnel  is  rather  insen- 
sitive not  only  to  changes  of  the  gas  content  but 
also  to  changes  of  the  cavitation  number. 

The  amplitudes  of  the  blade  frequency  harmonic  in- 
crease considerably  with  increasing  gas  content, 
except  for  a/a  = 0.1*  and  the  lowest  cavitation 
number,  (Fig  26)  where  a slight  reduction  of  the 
amplitude  occurs.  I he  latter  may  be  caused  by  a 
damping  effect  of  the  free  bubbles  in  the  test  sec- 
tion. 

The  influence  of  gas  content  on  the  magnitude  and 
modulations  of  the  phase  angle  is  rather  small. 

For  the  second  and  third  harmonics  applies  that 
the  mean  values  of  the  amplitudes  as  well  as  the 
phase  angles  are  rather  similar  for  different  gas 
contents. 

The  phase  angle  modulations,  which  are  much  larger 
for  the  higher  harmonics  than  at  blade  frequency, 
are  however  somewhat  reduced  when  the  gas  content 
is  increased.  Further  the  modulations  are  reduced 
when  the  cavitation  number  is  reduced. 

It  is  known  that  phase  angle  modulation  reduces  the 
mean  value  of  the  amplitude  /I 3/ . This  can  be  ob- 
served if  the  mean  values  for  the  "demodulated"  and 
the  original  signals  are  compared  ("demodulated" 
means  in  this  case  that  the  effect  of  the  phase 
angle  modulation  has  been  eliminated  in  the  way 
outlined  in  the  Appendix).  For  the  first  harmonic 
this  effect  is  very  small.  For  the  second  and  third 
harmonics  the  mean  values  of  the  "demodulated"  sig- 
nal are  however  considerably  larger  than  the  mean 
values  of  the  original  signal.  For  the  lowest  gas 
content  this  difference  is  most  pronounced,  see 
Figs  22  and  23. 

Summarising,  the  influence  of  gas  content  on  the 
phase  angle  modulation  is  not  very  large.  For 
extremely  low  gas  content  the  amplitudes  of  the 
first  harmonic  are  however  considerably  smaller 
than  at  the  higher  gas  content  ratios. 

11.3  Comparison  between  full  scale  and  cavitation 
tunnel 

When  making  this  comparison  the  model  case  is  re- 
presented by  the  values  obtained  at  the  gas  content 

a/a  = 0.26. 
s 

As  pointed  out  above  the  mean  values  and  modulation 
of  the  unfiltered  signal  from  the  cavitation  tunnel 
changes  very  little  with  cavitation  number,  while 
in  full  scale  they  are  both  increased  considerably 
when  the  propeller  speed  is  increased.  This  makes 
the  unfiltered  signal  rather  unsuitable  for  full 
scale  - cavitation  tunnel  comparisons. 

The  mean  values  of  the  amplitudes  of  the  first  har- 
monic measured  in  full  scale  and  in  the  cavitation 
tunnel  agree  well  for  all  propeller  speeds.  The  mo- 
dulations and  mean  values  of  the  5 largest  pulses 
are  however  somewhat  higher  in  the  cavitation  tun- 
nel. As  mentioned  in  Paragraph  8.1*,  no  direct  com- 
parison can  be  made  between  the  phase  angles  in 
model  and  full  scale.  It  may  however  be  noticed 
that  the  change  of  the  mean  value  with  propeller 
speed  is  very  similar  in  model  and  full  scale.  The 
phase  angle  modulations  are  somewhat  higher  in  the 
model  case. 
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The  mean  values  of  the  amplitudes  of  the  second  and 
third  harmonics  are  appreciably  smaller  in  the 
model  case  than  in  full  scale.  The  main  reason  for 
this  is  that  the  phase  angle  modulations  are  much 
larger  in  the  cavitation  tunnel  than  in  full  scale. 
This  effect  can  be  illustrated  in  three  ways: 

a)  the  standard  deviation  for  the  phase  angles  is 
much  larger  in  the  cavitation  tunnel  than  in 
full  scale. 

b)  the  difi'eience  between  the  mean  values  of  the 
original  signal  and  the  "demodulated"  signal  is 
larger  in  the  cavitation  tunnel. 

c)  in  the  spectra  of  Figs  19-21  the  phase  angle  mo- 
dulations cause  a transport  of  energy  from  the 
harmonics  to  adjacent  frequencies.  This  effect 
is  small  in  full  scale  but  in  the  cavitation 
tunnel  case  it  is  very  difficult  to  detect  the 
second  and  third  harmonics  due  to  this  effect. 

The  amplitude  modulation  is  slightly  larger  in  the 
cavitation  tunnel  than  in  full  scale. 

An  interesting  difference  between  caVitation  tunnel 
and  full  scale  is  that,  in  the  latter  case,  the 
maximum  values  of  the  first,  second  and  third  har- 
monics occur  at  the  same  revolution,  which  is  not 
the  case  in  the  cavitation  tunnel,  where  high 
values  of  the  first  harmonic  correspond  to  low 
values  of  the  higher  harmonics,  see  Figs  22-21*. 

Summarising,  the  results  of  Figs  22-24  indicate 
that,  when  taking  mean  values  in  a conventional 
way,  good  agreement  between  model  and  full  scale  is 
obtained  for  the  amplitudes  of  the  first  harmonic 
in  the  present  case,  while  too  low  values  are  ob- 
tained for  the  higher  harmonics  in  the  cavitation 
tunnel. 

For  the  higher  harmonics  better  agreement  is  ob- 
tained if  the  values  of  the  "demodulated"  signal 
are  used,  but  the  5 of  100  largest  values  will 
probably  give  even  better  agreement  in  the  present 
case.  This  discrepancy  is  primarily  due  to  the  ef- 
fect of  the  phase  angle  modulation,  which  is  mainly 
affecting  higher  harmonics.  The  phase  angle  modula- 
tion can  be  expected  to  be  smaller  in  cases  with 
more  stable  cavitation  (like  the  one  discussed  in 
Paragraph  9*2).  Thus,  before  making  any  proposals 
on  the  best  way  of  comparing  the  amplitudes  of 
higher  harmonics  an  investigation  of  the  kind  dis- 
cussed here  has  to  be  carried  out  for  such  a case. 


12  SUMMARY  AND  CONCLUSIONS 

The  results  of  the  investigations  reported  in  the 
present  paper  can  be  summari sed  as  follows : 

The  observations  of  the  cavitation  patterns  carried 
out  on  the  center  propeller  show  that  the  maximum 
extension  is  rather  similar  in  model  and  full  scale, 
the  radial  extension  being  somewhat  larger  in  full 
scale  and  the  chordwise  extension  somewhat  larger 
in  the  model  case,  see  Figs  6-8.  A significant  dif- 
ference was  however  that  the  extension  was  more  • 
steady  in  the  full  scale  case. 

Results  of  theoretical  calculations  of  the  cavita- 
tion extension  show  good  agreement  with  experiment 
for  the  model  case,  see  Fig  12.  When  making  the 
corresponding  calculations  for  the  full  scale  case, 
using  the  unchanged  wake  distribution  as  a basis, 
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similar  differences  in  extension  relative  to  model 
scale  are  obtained  as  those  observed  at  the  experi- 
ments, see  Figs  13-14.  This  indicates  that  the  dif- 
ferent time-pressure  relation  is  an  important  fac- 
tor for  explaining  the  differences  in  extension 
between  model  and  full  scale  mentioned  above. 

The  results  of  the  theoretical  calculations  further 
indicate  that  one  reason  why  the  cavitation  pat- 
terns are  unstable  in  the  present  case,  in  contrast 
to  many  other  cases,  is  that  the  cavitation  number 
of  inception  is  very  nearly  the  same  for  several 
blade  sections  around  the  upright  position,  see 
Figs  16-17.  Thus  fluctuations  of  the  inflow  veloci- 
ty with  time  will  cause  unusually  large  fluctua- 
tions of  the  cavitation  extension  in  the  present 
case.  The  main  reason  why  the  fluctuations  of  ex- 
tension are  considerably  larger  in  the  model  case 
than  in  full  scale  is  most  likely  that  the  fluctua- 
tions of  inflow  velocity  can  be  expected  to  be 
smaller  in  the  latter  case  because  of  smaller 
boundary  layer  thickness.  This  factor  should  be 
further  investigated  by  comparative  measurements  of 
the  instantaneous  velocities  in  model  and  full 
scale  wakes  of  ships  of  different  types. 

Regarding  experimental  values  of  the  pressure  fluc- 
tuations emanating  from  the  propeller  good  agree- 
ment is  obtained. between  model  and  full  scale  for 
the  mean  values  of  the  amplitudes  of  the  blade 
frequency  harmonics,  see  Figs  9-11.  For  the  higher 
harmonics  and  the  raw  (unfiltered)  signal  lower 
values  are  however  obtained  in  model  than  in  full 
scale. 

The  fluctuations  of  the  phase  angles  around  their 
mean  values  are  considerably  larger  in  the  model 
than  in  the  full  scale  case,  the  main  reason  most 
likely  being  the  corresponding  fluctuations  of  the 
cavitation  extension  discussed  above,  see  Figs 
22-24.  The  magnitude  of  these  fluctuations  is  very 
little  dependent  on  gas  content  ratio. 

The  differences  between  the  amplitudes  obtained  in 
model  and  full  scale  for  the  higher  harmonics  are 
most  likely  caused  by  the  large  fluctuations  of  the 
phase  angle  at  the  model  tests.  Accordingly  better 
agreement  is  obtained  in  the  present  case,  if  the 
higher  harmonics  are  represented  by  amplitudes  for 
a "demodulated"  signal  and  probably  even  better 
agreement  achieved  if  the  5 of  100  largest  values 
are  used  (regarding  the  procedure  used  for  calcu- 
lating the  "demodulated"  signal  see  the  Appendix). 
The  fluctuations  of  the  phase  angles  can  be  expect- 
ed to  be  smaller  in  cases  having  more  stable  cavi- 
tation. Thus,  before  making  any  proposals  on  the 
best  way  of  comparing  the  amplitudes  of  higher  har- 
monics an  investigation  of  the  kind  discussed  in 
the  present  report  has  to  be  carried  out  for  such 
a case. 

Results  of  theoretical  calculations  of  the  ampli- 
tudes of  the  pressure  fluctuations  show  good  agree- 
ment with  experiment  for  two  of  the  three  points 
investigated,  see  Fig  15.  The  reason  for  the  dis- 
crepancy obtained  in  the  third  point  is  most  likely 
a lack  of  generality  of  the  "solid  boundary  factor" 
used  at  the  calculations. 

It  is  evident  from  the  diagram  in  Fig  18  that  the 
degree  of  unpleasantness  obtained  when  comparing 
the  vibration  levels  with  the  different  limits  pro- 
posed by  ISO  is  highly  dependent  on  how  the  vibra- 
tion signals  are  analysed.  Several  ways  of  carrying 
out  th:  comparison  exist,  which  may  create  confu- 
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sion  when  different  ships  are  compared  from  vibra- 
tion point  of  view. 

A comparison  between  five  different  methods  of  ana- 
lysing the  signals  of  the  transducers  for  measuring 
pressure  fluctuations  shows  that  the  mean  values  of 
the  amplitudes  obtained  are  very  similar,  see  Fig 
25.  The  amount  of  other  important  information  ob- 
tained differs  however  from  one  method  to  another. 
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When  registering  the  signals  at  the  model  tests 
three  different  control  signals  were  recorded  on 
separate  channels  of  the  tape  recorder  to  make  it 
possible  to  determine  the  phase  angles  of  the 
pressure  fluctuations  relative  to  the  blade  posi- 
tion accurately.  Together  with  the  pressure  signals 
two  trains  of  pulses  were  recorded,  one  train  con- 
taining one  pulse  per  revolution  for  the  indication 
of  the  position  of  blade  No  1 and  another  contain- 
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ing  100  pulses  per  revolution.  Finally  a starting 
pulse  was  recorded  on  a third  channel  to  ensure 
that  the  analysis  always  starts  at  the  same  station 
on  the  tape. 


lysis  is  carried  out  pulse  by  pulse  using  an  ordi- 
nary Fourier  series  transform.  For  a pulse,  index  i 
(i  = l...z)  of  the  revolution,  index  k (k  = 1...100) 
the  following  formulas  apply: 


At  the  full  scale  tests  only  one  pulse  was  used, 
which,  due  to  practical  difficulties,  had  to  be 
taken  from  the  motor  and  not  from  the  propeller. 
Thus  it  was  only  possible  to  evaluate  relative 
values  of  the  phase  angles  in  full  scale. 

Analysis  method  No  1.  Digital  harmonic  analysis 

This  method  involves  analog  to  digital  conversion 
and  harmonic  analysis  for  determining  the  ampli- 
tudes and  phase  angles  of  the  different  harmonics. 
Further  the  peak  to  peak  values  are  determined. 
Maximum  and  mean  values  and  deviation  is  de- 
termined for  all  variables. 

Analog  to  digital  conversion 

The  analog  to  digital  conversion  is  carried  out  in 
a computer  and  monitored  by  the  control  signals 
described  above.  The  digital  signal  thus  obtained 
is  related  to  the  angular  position  of  blade  No  1 
instead  of  being  based  on  time  as  the  analog  signal 
The  digitising  process  starts  at  the  first  upright 
position  of  blade  No  1 (after. the  start  pulse  has 
passed)  and  is  continued  for  every  3.6th  degree  of 
rotation  until  100  revolutions  has  passed  (10  000 
digital  values).  By  the  digitising  program  it  is 
also  checked  that  there  will  always  be  100  digital 
values  between  two  successive  revolution  pulses.  In 
this  way  no  extra  values  will  disturb  the  analysis 
and  no  values  will  be  dropped. 

The  propeller  speed  is  usually  about  20-30  r/s  giv- 
ing a sampling  frequency  of  about  2-3  kHz.  Since 
the  carrier  frequency  bridge  is  cutting  off  the 
frequency  range  at  about  1250  Hz  aliasing  is  avoid- 
ed without  lowpass  filtering  at  the  analog  to  digi- 
tal conversion  /14/. 

"Harmonic  sampling" 

When  developing  an  analysing  method  a choice  has  to 
be  made  between  high  resolution  and  increased  in- 
formation about  the  modulation  of  the  signal.  If 
high  resolution  is  desired  it  is  necessary  to  ana- 
lyse rather  long  sequences  and  the  information 
about  the  modulation  is  lost  but  if  the  modulation 
is  important,  it  is  necessary  to  analyse  short  se- 
quences with  a low  resolution  as  a result.  Since 
the  modulation  is  regarded  to  be  an  important  para- 
meter in  this  analysis  the  shortest  possible  se- 
quency  is  chosen,  i e the  analysis  is  carried  out 
for  each  pressure  pulse  in  the  signal.  This  implies 
however  that : 

a)  the  signal  is  nearly  periodic.  Otherwise  a 
"leakage"  effect  will  move  energy  from  the  first 
harmonic  to  the  higher  harmonics  /15/. 

b)  the  background  noise  level  is  not  too  high  and 
disturbances  from  gears  etc  can  be  neglected. 
Otherwise  the  harmonics  will  be  changed  when 
the  frequencies  of  the  disturbances  fall  within 
the  bandwidth  for  respective  harmonic. 

In  most  cases  when  a pressure  fluctuation  originat- 
ing from  a cavitating  propeller  is  analysed  the 
conditions  a and  b are  however  fulfilled. 

In  the  procedure  used  by  SSPA  the  frequency  ana- 
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Akij  = Pki(z'*)cos(j.z.4)d4 

2it 

Bhij  = PkiU-*>sin(j.z-0>)d$ 


where  j = 1...5  (first  to  fifth  harmonics) 

The  integrals  are  evaluated  by  Simpsons  formula 
using  the  digitised  values  of  the  pressure  signal. 

The  A and  B values  are  stored  in  the  line,  index  j 
and  the  column,  index  k in  the  matrix,  index  i, 
meaning  that  the  pulses  originating  from  the  differ- 
ent blades  are  kept  separate  in  the  analysis.  Thus 
if  there  are  differences  between  the  blades  they 
can  be  traced  in  the  analysis. 

Next  the  order  of  the  columns  are  changed  with 
respect  to  C ix  = / A2  ^ , so  that  the  pulses 

with  the  highest  first  order  amplitudes  are  moved  to 
the  left  in  the  matrices  and  the  pulses  with  the 
lowest  values  of  are  moved  tb  the  right. 

Finally  the  mean  values  of  the  amplitudes 


C = 

Nij  1 


I A... 
k=l  kl-\2 


N 

ZB,.. 


u-i  kij 

)2  + )2,  j = 1...5 


and  the  phase  angles 


*Nij  = arctan  <k=1Bkij/kf1Akij)  * j = 1*”5 


are  calculated  for  the  first  5,  10,  25,  50,  75  and 
100  columns  of  each  matrix.  Also  the  maximum  and 
minimum  values  of  the  amplitudes  are  given  together 
with  the  standard  deviation  for  each  harmonic: 
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lOOij ' 


C . . being  the  mean  value  of  all  the  100  columns. 

1001J 

In  the  normal  case,  in  which  all  blades  of  the  pro- 
peller cavitate,  the  final  mean  values  and  <J>[^ 
can  be  calculated  by  summation  over  i (l...z). 

It  is  interesting  to  note  that  the  mean  values 
Ciooi j , as  calculated  above,  are  identically  the 
same  as  those  obtained  by  the  widely  used  technique 
of  periodic  sampling  where  a mean  signal  is  cal- 
culated from  the  digitised  signal  and  the  frequency 
analysis  carried  out  at  the  end  of  the  processing 
/l6/.  The  main  disadvantage  when  using  the  latter 
technique  is  of  course  that  no  information  is  ob- 
tained on  the  dispersion  of  the  amplitudes  and 
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phase  angles  around  the  mean  values.  This  is  a 
serious  limitation  as  the  dispersion  of  the  phase 
angles  affects  the  mean  values  of  the  amplitudes 
in  the  direction  that  too  low  values  of  the  mean 
amplitudes  are  obtained  compared  with  the  ampli- 
tudes of  the  individual  pulses.  The  larger  the 
dispersion,  the  larger  this  effect  and  to  investi- 
gate its  magnitude  in  different  cases  also  a mean 
value  of  the  amplitudes  of  a "demodulated"  signal 
is  calculated  by  the  program.  This  means  that  the 
mean  value  of  the  100  columns  is  calculated  without 
considering  the  modulations  of  the  phase  angles, 
i e 


I ij 


= — I /A 

100 


100 
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+ B" 


kij 


1...5 


The  difference  between  C10„.  • and  CD  — is  a mea- 
sure of  the  phase  angle  modulation  of  the  harmonic 
j in  the  signal. 

Peak  to  peak  values 

Sometimes  it  is  interesting  to  know  not  only  the 
amplitudes  of  the  different  harmonics  but  also 
the  peak  to  peak  value  of  the  unfiltered  signal. 
When  using  the  procedure  discussed  here,  these 
values  are  obtained  from  the  digitised  signal  in 
the  way  outlined  below. 

First  the  suction  and  pressure  peaks  are  located 
by  comparing  successive  digital  values.  Since  the 
peak  values  should  be  calculated  for  the  pulses 
and  not  for  possible  disturbances  the  program  has 
to  check  the  distance  between  the  suction  and 
pressure  peaks. 


quency  and  the  filtered  signal  too  is  registered  on 
the  paper.  In  the  present  comparison  only  the  unfil- 
tered signal  has  been  considered.  The  galvanometer 
for  this  signal  has  a natural  frequency  of  1650  Hz 
and  a damping  factor  of  0.7. 

Analysis  Method  No  4.  Real-time  spectrum  analysis 

Such  an  analysis  is  carried  out  at  SSPA  using  a 
timecompression  analyser.  Federal  Scientific  Corp 
UA-500,  see  /17/.  This  analyser  gives  the  complete 
amplitude  spectrum  over  the  whole  frequency  range 
in  contrast  to  methods  1-3  which  focus  on  multip- 
les of  the  blade  frequency. 

Using  this  method  the  analog  input  signal  is  digi- 
tised by  the  analyser  and  stored  in  a memory.  While 
the  memory  is  being  updated  with  new  data,  its 
content  is  read  out  repeatedly  at  a very  high  rate 
and  converted  back  into  an  analog  signal.  The 
speeded-up  high  frequency  replica  of  the  input 
signal  is  then  analysed,  using  a wide  filter  which 
is  being  rapidly  stepped  500  times  for  each  spec- 
trum. This  transformation  of  the  signal  to  a much 
higher  frequency  range  gives  an  amplitude  spectrum 
with  high  resolution  in  a much  shorter  time  than 
when  using  a conventional  sweeping  analyser.  With 
this  analyser  it  is  also  possible  to  get  a mean 
spectrum  averaged  from  up  to  1024  spectra. 

The  spectra  shown  in  Figs  19-21  are  averaged  from 
8 spectra  which  give  about  the  same  length  (100 
propeller  revolutions)  of  the  analysed  signal  as  is 
obtained  by  the  digital  SSPA  method.  The  resolution 
for  these  spectra  is  about  0.1  Hz  for  the  full  scale 
cases  and  about  1 Hz  for  the  spectra  from  the  cavi- 
tation tunnel. 


If  the  angular  distance  between  a suction  and 
pressure  peak  is  larger  than  ^ and  the  angle  bet- 
ween two  successive  pressure  peaks  larger  than 
— then  the  pressure  difference  between  the  suc- 
tion and  pressure  peak  is  accepted  as  a peak  to 
peak  value.  When  the  whole  signal  has  been  tra- 
versed, the  peak  to  peak  values  are  sorted’ and 
presented  in  a similar  way  as  the  results  from 
the  "harmonic  sampling". 

Analysis  Method  No  2.  Analog  harmonic  analysis 

Information  about  the  amplitude  modulation  can  also 
be  obtained  by  the  use  of  analog  equipment.  At  SSPA 
standard  instruments  manufactured  by  Briiel  & Kjaer 
are  used  for  this  purpose.  By  a slave  filter  (type 
2020)  combined  with  a control-unit  (type  1901) 
monitored  by  the  signal  "one  pulse  per  revolution" 
mentioned  above  the  different  harmonics  (one  at  a 
time)  of  the  pressure  fluctuations  are  followed  by 
the  filter  frequency.  By  an  amplifier  (type  2607) 
the  maximum  and  minimum  values  are  then  estimated 
and  also  the  mean  values  for  different  integration 
intervals.  Corresponding  values  can  also  be  esti- 
mated for  the  unfiltered  signal. 

Analysis  Method  flo  3.  Loop  Oscilloscope 

This  simple  method  was  the  first  one  used  when  eva- 
luating the  results  of  measurements  of  pressure 
fluctuations  in  the  large  cavitation  tunnel  at  SSPA. 
When  using  this  method  the  signal  is  registered  by 
a loop  oscilloscope  on  self  developing  photogra- 
phical paper  and  mean  and  maximum  values  of  the 
unfiltered  signal  can  be  directly  estimated  and  the 
first  harmonic  obtained  by  passing  the  signal 
through  a bandpass  filter  tuned  or.  the  blade  fre- 
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Analysis  Method  No  5.  FFT  spectrum  analysis 

This  procedure  / 1 8 / has  been  developed  at  the 
Gotaverken  shipyard  and  is  normally  used  when  ana- 
lysing results  of  measurements  of  pressure  fluctua- 
tions on  technical  trials  with  new  built  ships. 

Like  Method  No  4 it  gives  the  power  or  amplitude 
spectrum  for  the  whole  frequency  range.  This  method 
is  however  digital,  and  the  calculations  are  carried 
out  using  the  fast-Fourier-transform  algorithm 
/l6/ . The  method  is  very  general  and  frequency  ran- 
ge, sampling  rate  and  cut  off  frequencies  can  be 
chosen  in  a rather  arbitrary  way.  To  reduce  the 
"leakage”  a cosine  taper  weighting  function  is 
used. 

In  this  special  case  the  frequency  range  0 to  50  Hz 
was  used,  the  sampling  rate  was  200  Hz  and  the  low- 
pass  filter  cut  off  frequency  about  100  Hz.  This 
gave  a power  spectrum  which  represents  the  mean 
values  of  12  spectra  calculated  for  totally  6l  se- 
conds measuring  time  (about  100  revolutions)  with 
a resolution  of  0.098  Hz.  The  amplitude  spectrum 
was  then  accomplished  by  successively  calculating 
the  area  below  the  power  spectrum  within  a 0.39  Hz 
wide  band  sweeping  over  the  frequency  range. 

Comparison  of  the  methods 

The  methods  described  above  have  been  applied  to 
the  pressure  signals  shown  in  Fig  21.  The  estimated 
amplitudes  for  the  signals  measured  in  full  scale 
and  at  a gas  content  of  0.26  in  the  cavitation 
tunnel  are  compared  in  Fig  25-  The  procedures  are 
summarized  in  Table  4. 
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Table  1* . 


Method 

No 

Specification 

1 

"Digital 

harmonic 

analysis" 

Mean  values,  standard  deviations  and 
maximum  values  calculated  for  the 
first  to  third  harmonics  and  for  the 
unfiltered  signal. 

Analysed  sequence  100  revolutions 
for  cavitation  tunnel  and  10  revolu- 
tions for  full  scale.  The  bandwidth 
for  each  analysis  about  7 Hz  for 
full  scale  signal  and  about  100  Hz 
for  signal  from  cavitation  tunnel. 
Estimate  of  mean  values  means  reduc- 
tion of  the  bandwidth  to  0.7  Hz  resp 

1 Hz. 

2 

"Analog 
harmonic  ana- 
lysis" 

Mean  values  of  first  to  third  har- 
monics and  unfiltered  signal  esti- 
mated with  10  s integration  time.  Va- 
riations of  harmonics  measured  with 
instrument  set  at  0.1  s integration 
time  and  10  Hz  bandwidth.  For  unfil- 
tered signals  also  maximum  values 
given . 

3 

" Loop 

oscilloscope” 

Mean  and  maximum  values  estimated 
for  unfiltered  signals.  About  10  re- 
volutions analysed. 

1* 

"Real  time 

spectrum 

analysis" 

Mean  values  of  8 spectra  estimated 
both  in  full  scale  and  cavitation 
tunnel.  The  analysed  signal  length 
corresponds  to  about  100  revolutions. 
Bandwidth  about  0.1  Hz  in  full  scale 
and  1 Hz  in  cavitation  tunnel. 

5 

"FFT  spectrum 
analysis" 

Mean  values  of  12  spectra  of  full 
scale  signal.  Analysed  signal  length 
of  about  1 minute  corresponds  to 
about  100  revolutions.  Bandwidth 
about  0.1*  Hz. 

Similar  comparisons  as  in  Fig  25  have  been  made  for 
all  the  signals  in  Figs  19-21  and  the  results  shown 
in  Fig  25  are  typical. 


means  that  the  amplitudes  of  this  signal  are  not 
distributed  in  a Gaussian  way.  For  the  full  scale 
signal  the  deviations  are  more  symmetrical.  As 
pointed  out  earlier  the  background  noise  will  dis- 
turb the  estimation  of  the  modulations.  Because  of 
this  it  is  important  to  estimate  the  whole  spectrum 
as  in  Figs  19-21.  In  a cavitation  tunnel  it  is  also 
advisable  to  estimate  the  background  noise  by  run- 
ning the  propeller  shaft  without  propeller.  In  this 
investigation  the  level  of  the  noise  is  well  below 
the  signal  level  for  the.  frequencies  of  interest. 
The  "noise"  between  the  harmonics  in  the  spectra 
of  Figs  19-21  is  believed  to  originate  mainly  from 
the  amplitude  and  phase  angle  modulations  of  the 
signals . 

The  discussions  above  show  that  the  digital  Method 
No  1 seems  to  give  realistic  estimates  of  mean 
values,  standard  deviations  and  maximum  values  for 
the  amplitudes  of  the  harmonics  and  the  peak  to 
peak  values  of  the  pressure  fluctuations.  Only  the 
results  of  Method  1 have  been  used  in  the  discus- 
sions in  the  present  paper. 


Unfiltered  signal.  The  agreement  between  Methods  1 
and  3 is  rather  good  for  the  signal  measured  in 
full  scale  as  well  as  for  the  cavitation  tunnel 
signal.  By  Method  2 the  same  mean  value  as  the  other 
methods  is  estimated  for  the  cavitation  tunnel  sig- 
nal. Otherwise  Method  2 seems  however  to  give  lower 
values  than  Methods  1 and  3 for  the  unfiltered  sig- 
nal. 

First  to  third  harmonics.  The  methods  compared 
seem  to  give  about  the  same  values  for  the  mean 
values  of  all  three  harmonics. 

Methods  U and  5 give  almost  exactly  the  same  values. 
As  a matter  of  fact,  the  whole  spectra  of  the  two 
methods  are  almost  identical. 

It  is  interesting  to  note  that  by  Method  2 a devia- 
tion is  estimated  that  agrees  rather  well  with  the 
standard  deviation.  For  the  signal  measured  in  the 
cavitation  tunnel  the  deviations  are  however  unsym- 
metrical  with  respect  to  the  mean  values.  This 
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Table  2 

Propeller  loadings,  center  propeller 
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Fig.  1 : Body  plan  and  contour  of  ship.  Location  of 
observation  windows  and  transducers  for 
measurement  of  pressure  fluctuations  and 
vibration. 
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Fig.  5:  Wake  distribution  in  the  plane  of  centre  propeller  measured  in  cavitation  tunnel  with  working  wing 
propellers.  Water  speed.  6 metres/sec. 
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Fig.  6:  Cavitation  patterns  observed  at  different 
blade  positions  in  model  and  full  scale. 
Number  of  revs  of  full  scale  propeller  86 
and  99  rpm. 


Fig.  7:  Cavitation  patterns  observed  at  different 
blade  positions  in  model  and  full  scale. 
Number  of  revs  of  full  scale  propeller  109 
and  117  rpm. 
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Blade  section  X=  r/R 
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Fig.  8:  Radial  extension  of  cavitation  in  model  and  full  scale.  Different  number  of  revs. 
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Fig.  9:  Blade  frequency  and  twice  blade  frequenc' 
harmonics  of  pressure  fluctuations  in  model 
and  full  scale.  Transducer  on  port  side. 
Cavitation  patterns  in  blade  position  15 
degrees.  Note,  comparison  for  phase  angles 
is  only  relative,  see  8.4. 


Fig.  10:  Blade  frequency  and  twice  blade  fre- 
quency harmonics  of  pressure  fluctua- 
tions in  model  and  full  scale.  Transducer 
in  ship  centre  line.  Note,  comparison  for 
phase  angles  is  only  relative,  see  8.4. 
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Fig.  11:  Blade  frequency  and  twice  blade  fre- 
quency harmonics  of  pressure  fluctua- 
tions in  model  and  full  scale.  Transducer 
on  starboard  side.  Note,  comparison  for 
phase  angles  is  only  relative,  see  8.4. 


Fig.  12:  Extension  of  sheet  cavitation  (back  side) 
at  different  blade  positions.  Comparison 
between  theoretical  calculations  and  ex- 
periment. Number  of  revs,  117  rpm.  Star- 
board side. 
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Blade  section  X = r / R 


Fig.  13:  Comparison  between  calculated  and  ob- 
served radial  extensions  of  sheet  cavita- 
tion in  model  and  full  scale  case.  Number 
of  revs,  117  rpm.  Starboard  side. 
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Fig.  14:  Comparison  between  calculated  and  ob- 
served chordwise  extensions  of  sheet 
cavitation  in  model  and  full  scale  case. 
Number  of  revs.  117  rpm.  Starboard  side. 
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Fig.  15:  Amplitudes  of  pressure  fluct'jations  at 
117  rpm.  Comparison  between  theoretical 
calculations  and  experiment. 
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Fig.  18:  Measurements  of  vertical  vibration  on 
upper  deck,  extreme  aft  (for  location  of 
transducer,  see  Fig.  1). 
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Fig.  19:  Pressure  fluctuations  measured  in  the  centreline  transducer  in  full  scale  and  cavitation  tunnel. 
Unfiltered  signals  and  amplitude  spectra. 

Number  of  revs,  99  rpm. 
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Fig.  20:  Pressure  fluctuations  measured  in  the  centreline  transducer  in  full  scale  and  cavitation  tunnel. 
Unfiltered  signals  and  amplitude  spectra. 

Number  of  revs,  109  rpm. 
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Fig.  21 : Pressure  fluctuations  measured  in  the  centreline  transducer  in  full  scale  and  cavitation  tunnel. 
Unfiltered  signals  and  amplitude  spectra. 

Number  of  revs,  117  rpm. 
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Standard  deviation 
'Mean  value 


□ Mean  value  for  the 'demodulated 
signal" 

A Mean  value  for  the  5(of  100)  pulses  with 
the  highest  blade  frequency  amplitudes 
V Maximum  value 


Filled  points  mean  full  scale  signal 
Unfilled  points  mean  cavitation 
tunnel  signal 
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Fig.  22:  Comparison  of  pressure  fluctuations  in  full  scale  and  cavitation  tunnel.  Amplitudes  and  phase 
angles  for  different  harmonics  and  peak  to  peak  values. 

Number  of  revs,  99  rpm. 
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Standard  deviation 
'Mean  value 


□ Mean  value  for  the"demodulated  signal" 

A Mean  value  for  the  5 (of  100)  pulses  with  the 
highest  blade  frequency  amplitudes 
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Twice  blade  frequency  Three  times  blade  frequency 


Fig.  23:  Comparison  of  pressure  fluctuations  in  full  scale  and  cavitation  tunnel.  Amplitudes  and  phase 
angles  for  different  harmonics  and  peak  to  peak  values. 

Number  of  revs.  109  rpm. 
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V 

Blade  frequency 


Twice  blade  frequency  Three  times  blade  frequency 


Fig.  24:  Comparison  of  pressure  fluctuations  in  full  scale  and  cavitation  tunnel.  Amplitudes  and  phase 
angles  for  different  harmonics  and  peak  to  peak  values. 

Number  of  revs.  117  rpm. 
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Comparison 

is  made  for: 

Notation 
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no 

Unfiltered  signal 

Signal  harmonics 

mean 
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max 
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max 
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yes 

yes 

yes 

yes 

yes 

yes 

A 

yes 

no 

yes 

yes 

yes 

no 

yes 

no 

yes 

1 

— 
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— 

— 

— 

no 

no 

— 

— 

— 

no 

no 

Filled  points  denote  mean  values 
Open  points  denote  max  values 
I deviation 
(See  table  4) 


Unfiltered 

signal 


n = 1 n = 2 n = 3 
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0.25 


Full  scale 
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..  y 


Unfiltered  n_i 
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Fig.  25:  Pressure  fluctuations.  Comparison  of  results  from  different  analysing  methods. 
Number  of  revs.  117  rpm. 
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EXPERIMENTAL  DETERMINATION  OF  MEAN  AND 
UNSTEADY  LOADS  ON  A MODEL  CP  PROPELLER 
BLADE  FOR  VARIOUS  SIMULATED  MODES  OF 
SHIP  OPERATION 

R.  J.  BOSWELL.  J.  J.  NELKA  and  S.  B DENNY 

David  W.  Taylor  Naval  Ship  Research  and  Development  Center.  Bethesda.  Maryland.  USA 


SYNOPSIS 

The  mean  and  unsteady  loads  were  measured  on  a single  blade  of  a controllablepitch  propeller 
behind  a model  hull  under  steady  ahead  operation,  hull  pitching  motions,  simulated  crash  ahead  maneuvers, 
and  simulated  crash  astern  maneuvers.  The  experimental  techniques  are  described  including  a description 
of  the  dynamometer  and  data  analysis  system. 

The  results  show  that  the  unsteady  loads  are  increased  substantially  by  dynamic  pitching  of  the 
model  hull.  For  simulated  crash  ahead  or  crash  astern  maneuvers  the  circumferential  variation  of 
the  loads  are  smaller  than  for  steady  ahead  operation. 

For  steady  ahead  operation,  circumferential  variation  of  loading  determined  from  the  model  experiments 
agrees  reasonably  well  with  full  scale  data,  but  is  larger  than  the  theoretically  calculated  values. 


NOTATION 

p 

Expanded  area,  Z/rh  cdr 

Ag Propeller  disc  area,  itD2/4 

C,  Elements  of  calibration  matrix 

Cfh Thrust  loading  coefficient, 

T/[ (p/2)VA2A0J 

c Blade  section  chord  length 

D Propeller  diameter 

(F)n nth  harmonic  amplitude  of  F 

Fx,y,z Force  components  on  blade  in  x,  y,  z 

directions 

fM Camber  of  propeller  blade  section 

J Advance  coefficient,  J=VA/nD 

JT Effective  advance  coefficient  based 

on  thrust  identity 

Jq Effective  advance  coefficient  based 

on  torque  identity 

Jy Ship  speed  advance  coefficient, 

J=V/nD 

KFv  „ 7 Force  coefficient,  Fx  y z/(Pn2D4) 

Kmy  7 Moment  coefficient,  Fx,y ,z/(pn2D5) 

Kq Torque  coefficient,  Q/(pn2D5) 

Kcr Centrifugal  blade  spindle  torque 

coefficient,  M;jg/(ppn2D5) 

K| Thrust  coefficient,  T/(pn2D4) 

7» 


Mx>y  2 Moment  components  about  x,y,z  axes 

from  loading  on  one  blade 

(M)n nth  harmonic  amplitude  of  M 

n Propeller  revolutions  per  unit  time 

P Propeller  blade  section  pitch 

Q Time  average  propeller  torque  arising 

from  loading  on  all  blades,  -ZRX 

R Radius  of  propeller 

Rn Reynolds  number,  Cg  ^V^Vv 

r Radial  coordinate  from  propeller  axis 

S Skew  back  of  propeller  blade  section 

measured  from  the  spindle  axis  to  the 
midchord  point  of  the  blade  section, 
positive  towards  trailing  edge  " 

■T. . — , — --Time.  w.ra§e  -thrust  of  propel ler. 


positive  forward,  ZFX 

t Maximum  thickness  of  propeller  blade 

section 

V Model  speed 

Vfl Propeller  speed  of  advene..- 


Vt(r,9H) Tangential  component  of  wake  velocity 

positive  counterclockwise  looking 
upstream 

Vx(r,ew) ... .Longitudinal  component  of  wake 
velocity,  positive  forward 

Vr(r,9y) ... .Radial  component  of  wake  velocity, 
positive  toward  hub 
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VR* Vector  sum  of  speed  of  advance  and 

rotational  velocity  at  the  0.7  radius, 
[VA2+(0. 7irnD)2]1/2 

wQ Taylor  wake  fraction  determined  from 

^ torque  identity 

wT Taylor  wake  fraction  determined  from 

thrust  Identity 

x,y,z Coordinate  axes 

.1 Number  of  blades 

ZR Rake  of  propeller  blade  section 

measured  from  the  propeller  plane  to 
the  generator  line,  positive  aft 

e Angular  coordinate  used  to  define 

location  of  blade  and  variation  of 
loads,  from  vertical  upward  positive 
clockwise  looking  upstream,  e--ew 

e Skew  angle  measured  from  spindle  axis 

to  projection  of  blade  section  mid- 
chord into  propeller  plane,  positive 
toward  trailing  edge 

e Angular  coordinate  of  wake  velocity, 

w from  upward  vertical  positive 

counterclockwise  looking  upstream. 


A Ship  to  model  linear  scale  ratio 

Kinematic  viscosity  of  water 

p Mass  density  of  water 

pp Mass  density  of  propeller  blade 

* Pitch  angle  of  propeller  blade 

section,  tan'1[P/(uxD)] 

( „)  nth  harmonic  phase  angles  of  F,M 

’ n based  on  a cosine  series, 

(F,M)=  (F7TT)+  § (F,M)  cos(ne-(<f>p  J ) 
n=l  n n 

ip Pitch  angle  of  hull 

Subscripts 

A Applied  values  of  loads 

C Arising  from  centrifugal  loading 

CW Value  in  calm  water 

h Value  at  hub  radius 

I Indicated  values  of  loads  before 

calibration  matrix  is  applied 

M Model  value 

MAX Maximum  value  at  any  blade  angular 

position 

MES Value  at  model  conditions  derived 

from  measurements  on  full  scale  ship 

n Value  of  nth  harmonic 

S Ship  value 
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SP Value  at  self  propulsion  point 

x,y,z Component  in  x,y,z  direction 

0.4 Value  at  r=0.4R 

0.7 Value  at  r=0.7R 


Superscripts 

Time  average  value  per  revolution 

*v Unsteady  value 

• Rate  of  change  with  time 

INTRODUCTION 

With  the  increasing  use  of  marine  gas  turbines  as 
the  prime  mover,  controllable-pitch  (CP)  propel- 
lers are  being  applied  to  ships  of  increasing 
speed  and  power.  For  high  power  CP  propellers 
extreme  care  must  be  taken  to  design  the  blades 
and  pitch-changing  mechanisms  so  that  they 
possess  adequate  strength  including  consideration 
of  yield  and  fatigue  stresses.  This  requires  an 
accurate  estimate  of  the  maximum  time  average  and 
alternating  loads  under  all  operating  conditions. 
High  time-average  and  alternating  loads  occur  at 
steady  full-power  ahead  conditions  and  during 
high  speed  maneuvers  including  full -power  crash 
astern,  full -power  crash  ahead,  and  full -power 
turns.  In  addition,  the  influence  of  the  seaway 
may  substantially  increase  the  time  average  and 
alternating  loads.  At  present  there  appears  to  be 
no  confirmed  technique  whereby  the  pertinent 
loads  can  be  predicted  to  the  desired  accuracy. 
Schwanecke  and  Wereldsma  (1)  give  a review  of 
the  factors  affecting  blade  loading  for  propellers 
in  general,  and  Rusetskiy  (2)  and  Hawdon,  et  al 
(3)  discuss  some  of  the  factors  peculiar  to  blade 
loading  of  CP  propellers. 

Near  the  self  propulsion  point  in  calm  water  the 
time-average  loads  can  probably  be  calculated 
with  reasonable  accuracy.  However,  even  at  these 
conditions,  the  variation  of  loads  with  blade 
angular  position  apparently  cannot  be  calculated 
with  high  accuracy.  Various  techniques,  includ- 
ing quasi-steady  procedures,  stripwise  unsteady 
procedures,  and  methods  based  on  unsteady  lift- 
ing surface  theory,  have  been  proposed  for  cal- 
culating the  unsteady  loading  arising  from  the 
circumferential  variation  in  the  inflow  velocity 
(4,5,6).  However,  all  of  these  procedures 
require  knowledge  of  the  flow  patterns  (wake 
profile)  in  the  propeller  disc.  In  current 
practice,  the  wake  profile  is  measured  in  the 
plane  of  the  propeller  behind  the  model  hull  with 
the  propeller  removed.  For  high-speed  displacement 
ships  of  the  type  under  consideration  in  this  paper 
results  are  usually  extrapolated  to  full  scale 
without  making  allowance  for  (1)  the  change  in 
Reynolds  number,  and  the  corresponding  reduction  in 
relative  boundary  layer  thickness;  and  (2)  the 
effect  of  the  propeller  suction  on  the  boundary 
layer  and  thereby  the  wake  pattern  in  the  propeller 
disc. 

Existing  measurements  which  give  information  on 
unsteady  blade  loading  include: 

(1 ) Measurements  of  strain  on  the  blades  of  the 
model  propellers  or  full  scale  propellers. 

However,  some  calculations  and  assumptions  are 
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required  to  convert  measured  strains  into  loads. 

A summary  of  published  data  of  this  type  is 
given  by  Meyne  (7). 

(2)  Measurement  of  bearing  (shaft)  forces  and 
moments  on  model  propellers  operating  in  wakes 
generated  by  model  hulls  or  wire  grid  screens. 
However,  this  gives  information  on  only  some 
components  of  blade  loading  and  on  only  those 
harmonics  of  shaft  rotational  speed  correspon- 
ding to  nZ-1,  nZ  and  nZ+1,  where  n is  an  integer 
and  Z is  the  number  of  blades.  Measurements  of 
this  nature  have  been  conducted  by  many  investi- 
gators (5,8). 

(3)  Measurements  of  forces  and  moments  on 
individual  blades  of  model  propellers  operating 
in  wakes  generated  by  model  hulls  or  wire  grid 
screens.  Measurements  behind  model  hulls  have 
been  made  by  Huse  (9)  and  Blaurock  (10),  measure- 
ments behind  screens  have  been  made  by  Hawdon, 

et  al  (3),  and  measurements  on  partially  sub- 
merged propellers  have  been  made  by  Dobay  (11). 

Experiments  in  wakes  generated  by  screens  are 
advantageous  for  evaluating  the  ability  of  a 
procedure  to  calculate  the  loading  for  a given 
wake  since  for  this  case  the  propeller  apparently 
does  not  influence  the  wake  pattern.  Although 
some  good  correlation  has  apparently  been  obtain- 
ed between  analytical  predictions  and  unsteady 
bearing  forces  measured  behind  wire  grid  screens 
(6)  correlation  between  analytically  predicted 
unsteady  blade  loads,  or  resulting  strains,  and 
measured  blade  loads,  or  strains,  has  been  rather 
inconsistent  (8,12). 

The  mechanism  by  which  the  seaway  influences  the 
mean  and  unsteady  blade  loads  is  complex.  The 
factors  include  increased  mean  propeller  loading 
due  to  increased  hull  resistance,  and  increased 
unsteady  loading  resulting  from  influence  of  the 
free  surface  and  modification  of  the  flow  patterns 
into  the  propeller  disc.  This  flow  pattern  is 
influenced  by  (1)  direct  trochoidal  velocities 
from  the  ocean  waves,  (2)  relative  velocities  of 
the  propeller  due  to  ship  motions,  and  (3)  mod- 
ification of  the  hull  wake  pattern  due  to  the 
seaway  and  ship  motions.  Procedures  for  calcula- 
ting the  loads  in  a seaway  are  much  less  refined 
than  they  are  for  steady  operation  in  calm  water. 
Tasaki  (13)  gives  a good  review  of  the  mechanisms 
and  procedures  for  predicting  the  effect  of  the 
seaway  on  bearing  forces,  which  in  principle  also 
applies  to  unsteady  loading  on  an  individual 
blade. 

There  are  apparently  no  rational  analytical  pro- 
cedures whereby  the  time-average  loads  per  revo- 
lution or  the  unsteady  loads  Including  variation 
with  blade  angular  position  during  crash  ahead,  or 
crash  astern  maneuvers  can  be  accurately  calcu- 
lated. These  loads  may  depend  on  many  factors 
including  the  time  rate  of  change  of  propeller 
pitch  P (for  CP  propellers),  time  rate  of  change 
of  rotational  speed  n,  time  rate  of  change  of 
ship  speed  fl,  propeller  blade  section  stall,  cav- 
itation, ventilation,  flow  separation  from  the 
hull,  and  large  Interactions  between  the  propel- 
ler and  the  hull.  Some  of  these  factors  are  dis- 
cussed and  considered  by  Hawdon,  et  al  (3).  For 
crash  astern  maneuvers  a CP  propeller  has  nega- 
tive pitch  P and  develops  negative  thrust  for 
forward  speed;  i.e. , it  decelerates  the  flow  Into 
the  propeller,  which  may  tend  to  Increase  the 


time  average  and  time  dependent  interaction 
between  the  propeller  and  the  hull. 

For  turns,  the  factors  affecting  the  time-average 
loads  per  revolution  and  the  unsteady  loads  are 
somewhat  the  same  as  those  affecting  the  loads 
under  crash  ahead  and  crash  astern  conditions, 
except  for  turns  there  is  a relatively  large 
drift  angle  of  the  flow  into  the  propeller.  This 
drift  angle  tends  to  increase  the  circumferential 
nonuniformity  of  the  flow  into  the  propeller  and 
thereby  increase  the  unsteady  loading.  However, 
this  circumferential  nonuniformity  of  the  inflow 
tends  to  be  offset  somewhat  by  the  lower  values 
of  ship  speed  and  propeller  rotational  speed  in 
turns  compared  to  steady  ahead  operation. 

There  are  no  experimental  measurements  known  to 
the  authors  of  time-average  loads  and  circum- 
ferential variation  of  loads  with  blade  angular 
position  on  CP  propellers  behind  a hull  under  a 
wide  range  of  operating  conditions.  Therefore,  an 
experimental  program  was  undertaken  to  measure 
the  six  components  of  loading  (Figure  1 ) on  a 
model  CP  propeller  operating  behind  a model  hull. 
The  experimental  conditions  include:  (l)  steady 
ahead  operation  near  the  self  propulsion  point, 

(2)  steady  ahead  operation  near  the  self  pro- 
pulsion point  with  forced  dynamic  pitching  of  the 
model  hull,  (3)  simulated  crash  ahead  operation, 
and  (4)  simulated  crash  astern  operation.  For 
the  steady  ahead  operation  the  results  were  cor- 
related with  predictions  based  on  unsteady  lift- 
ing surface  theory  as  developed  by  Tsakonas,  et 
al  (14),  with  the  quasi-steady  method  of  McCarthy 
(15)  and  with  strains  measured  on  the  correspond- 
ing full  scale  propeller  at  sea. 

The  propeller  used  in  these  experiments  is  shown 
in  Figure  2 and  the  geometry  is  given  in  Table  1. 
The  model  hull  used  in  these  experiments  is  shown 
in  Figure  3.  This  model  is  similar  to  DTNSRDC 
Model  4954,  which  is  described  by  Hadler  and 
Cheng  (16). 

EXPERIMENTAL  TECHNIQUE 
Facility  And  Dynamometry 

All  experiments  were  conducted  on  Carriage  I of 
the  David  Taylor  Model  Basin.  The  propeller  was 
located  in  its  proper  position  relative  to  the 
model  hull  but  was  isolated  from  the  model  hull 
and  driven  from  downstream  (see  Figure  3). 

This  downstream  drive  system  was  necessary  in 
order  to  obtain  the  required  characteristics  of 
the  system  for  measuring  unsteady  loading.  The 
general  criteria  for  the  design  of  an  unsteady 
force  measuring  system  are: 

A.  The  support  structure  of  the  force  measuring 
system  should  be  soft  mounted  and  possess  a large 
mass  to  eliminate  transmission  of  extraneous  vib- 
ration to  the  system. 

B.  The  natural  frequency  of  the  system  should  be 
well  above  the  highest  frequency  of  the  quantities 
to  be  measured  (to  avoid  phase-shift  and  amplifi- 
cation of  the  signal). 

C.  The  system  response  should  be  sufficiently 
large  in  the  force  magnitude  range  to  be 
measured  (sensitivity). 
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D.  The  system  should  be  free  of  interaction, 
that  is,  each  measuring  element  should  respond 
to  only  that  force  or  moment  which  it  is  intended 
to  measure. 

These  four  major  aims  are  not  complementary.  The 
high  natural  frequency  requires  a stiff,  rigid 
system  while  high  sensitivity  requires  an  elastic, 
soft  system.  The  necessary  compromise  between 
these  two  requirements  results  in  some  interaction 
between  the  force-measuring  elements. 

Criteria  A dictates  that  a massive  flywheel  be 
used,  and  criteria  B dictates  that  this  flywheel 
be  connected  to  the  sensing  elements  (located  in- 
side the  propeller  hub)  by  a short  thick  shaft. 
Therefore,  due  to  the  geometry  of  the  hull  and 
shafting  of  the  configuration  under  evaluation, 
it  was  not  feasible  to  achieve  criteria  A and  B 
with  an  upstream  drive  system  from  inside  the 
model  hull.  Criteria  A and  B controlled  the 
minimum  allowable  beam  and  draft  of  the  down- 
stream body,  and  the  maximum  allowable  clearance 
from  the  bow  of  the  downstream  body  to  the  propel- 
ler. Although  the  downstream  body  may  exert  some 
influence  on  the  flow  into  the  propeller,  this 
was  considered  necessary  in  order  to  meet  the 
measuring  criteria  A and  B.  The  influence  of  the 
downstream  body  on  the  flow  into  the  propeller  is 
discussed  in  the  Experimental  Results  section. 

The  drive  and  mounting  system  is  basically  the 
same  as  that  used  in  the  DTNSRDC  BASS  dynamometer 
which  has  been  described  by  Brandau  (17).  Utilized 
from  this  dynamometer  were  the  propeller  (tail) 
shaft,  drive  shaft  with  flywheel,  belt-type 
(quiet)  transmission,  and  slip  rings.  Power  to 
rotate  the  propeller  was  supplied  by  a DC 
permanent-magnet,  servo  motor  capable  of  deliver- 
ing up  to  45  N-m  of  torque.  This  motor  was  select- 
ed for  its  ability  to  control  and  hold  the  shaft 
revolution  rate  over  a wide  range  of  propeller 
torque  loadings  which  is  required  for  some  of  the 
experimental  conditions.  A digital  encoder  is 
mounted  on  the  propeller  shaft.  This  is  used  for 
generating  electrical  pulses  as  a function  of 
shaft  angular  position.  Two  types  of  pulses  are 
generated:  a single  pulse  per  revolution  and  a 
multi-pulse  per  revolution  (90  equally  spaced 
pulses  for  the  current  experiment).  The  single 
pulse  is  synchronized  with  the  reference  line  of 
the  instrumented  propeller  blade.  The  pulses  gen- 
erated by  this  encoder  arc  accurate  to  within 
0.01  degrees. 

The  downstream  body  which  houses  the  drive  system 
is  a modification  of  that  used  by  Dobay  (11).  This 
body  was  modified  to  allow  deeper  submergence  and 
an  inclined  shaft  angle.  Both  the  body  housing 
the  drive  system  (the  drive  system  is  soft  mounted 
to  this  body)  and  the  model  hull  was  rigidly 
attached  to  a pitch-heave  oscillator  which  is 
rigidly  mounted  on  the  towing  carriage.  With  this 
arrangement  the  model  hull  and  the  drive  system 
can  be  dynamically  pitched  together  while  main- 
taining independent  support  from  one  another. 

The  sensing  elements  are  flexures  to  which  are 
bonded  high  sensitivity  semiconductor  strain  gage 
bridges.  The  design  of  these  flexures  has  been 
described  by  Dobay  (11).  There  are  three 
flexures,  each  of  which  measures  two  components 
of  blade  loading.  Flexure  No.  1 measures  com- 
ponents Fx  and  My,  flexure  No.  2 measures  com- 
ponents Fy  and  Mx,  and  flexure  No.  3 measures 


components  Fz  and  Mz  (Figures  1 and  4).  This 
arrangement  using  three  separate  flexures  was 
adopted,  rather  than  using  one  flexure  to 
measure  all  components  of  blade  loading,  because 
it  appears  to  result  in  higher  natural  frequen- 
cies (criteria  A),  higher  sensitivities  (criteria 
C)  and  lower  interactions  (criteria  D)  than  would 
have  resulted  if  a single  flexure  had  been  used. 

The  flexures  are  mounted  inside  a propeller  hub 
which  are  specifically  designed  for  these  experi- 
ments (Figure  5).  Due  to  space  limitations,  only 
one  flexure  could  be  mounted  at  a time.  This 
necessitated  duplicate  runs  with  the  different 
flexures,  as  discussed  in  the  Experimental  Con- 
ditions and  Procedure  section. 

The  strain  gage  bridges  are  excited  by  a common 
DC  voltage  source,  transmitted  through  the  slip 
rings  on  the  propeller  shaft.  The  constant-current 
excitation  used  by  Dobay  (11)  was  not  used  in  the 
present  experiment  because  it  appeared  to  be  too 
sensitive  to  temperature. 

The  voltage  output  from  the  flexures  (due  to 
blade  loading)  is  transmitted  through  the  slip- 
rings  to  individual  NEFF  119-121  amplifiers.  These 
amplifiers  utilize  field  effect  transistors  to 
produce  an  extremely  high  input-impedance  (100 
megohms,  minimum).  This  high  impedance  essentially 
eliminates  the  slipring  noise  to  the  amplifier. 

The  voltage  signals  are  transferred  across  the 
sliprings  in  the  presence  of  only  small  amount  of 
noise-producing  current.  The  amplifiers  used  here 
have  zero-phase  shift  qualities  in  the  DC  - 20  KHz 
range.  They  are  chopper-stabi\lized  in  order  to 
record  both  the  steady  and  unsteady  signals  si- 
multaneously. This  signal-conditioning  system  is 
essentially  the  same  as  that  used  by  Dobay  (11). 

The  signals  are  then  digitized  and  analyzed  using 
a Model  70  Interdata  Digital  Computer,  and  stored 
in  digital  form  on  a 9-track  magnetic  tape,  fhe 
on-line  analysis  of  the  data  is  discussed  in  the 
Data  Acquisition  and  Analysis  section. 

Calibration 

Prior  to  the  experiment  each  flexure  was  statical- 
ly calibrated  in  air  to  establish  the  flexure 
sensitivities,  interactions,  and  linearity  over 
the  loading  range  of  interest.  These  calibrations 
were  conducted  with  the  flexures  mounted  in  the 
propeller  hub  which  was  connected  to  the  fly- 
wheel and  drive  assembly  as  is  the  situation 
during  the  experiment.  Each  flexure  was  subjected 
to  independently  controlled  forces  in  the  axial, 
transverse,  and  radial  directions;  i.e.,  Fx,  Fy, 
and  Fz,  respectively,  and  to  independently  con- 
trolled moments  about  the  axial,  transverse,  and 
radial  directions;  i.e.,  Mx,  My,  and  Mz,  respec- 
tively (Figure  1). 

The  static  calibration  showed  that  all  flexures 
had  a linear  response  over  the  load  range  of 
interest.  Table  2 shows  the  interaction  matrix. 
These  calibrations  show  that  all  flexures  had  good 
sensitivity  except  Fz  which  had  lower  sensitivity 
than  desirable.  The  interactions  are  small  ex- 
cept the  effect  of  Mz  on  Fz>  The  rather  poor 
characteristics  of  the  Fz  flexure  is  not  consid- 
ered to  be  a serious  shortcoming  since  Fz  arises 
primarily  from  centrifugal  loading  and  can  be 
analytically  calculated.  In  addition,  no  signifi- 
cant variation  of  Fz  with  blade  angular  position 
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is  anticipated.  Flexure  No.  3,  which  measures 
F?  and  Mz  was  further  evaluated  by  correlation  of 
air-spin  experiments  with  analytically  calculated 
results,  as  discussed  in  the  Experimental  Pro- 
cedure and  Experimental  Results  sections.  The 
interactions  are  taken  into  consideration  in  the 
data  analysis  as  discussed  in  the  Data  Acquisition 
and  Analysis  section. 

A dynamic  calibration  of  the  flexures  used  in  this 
experiment  was  performed  by  Dobay  (11).  The  purpose 
of  the  dynamic  calibration  was  to  determine  the 
frequency  range  over  which  unsteady  forces  and 
moments  could  be  reliably  measured. 

The  dynamic  calibration  of  the  flexures  consisted 
of  applying  a relatively  constant  maximum  ampli- 
tude, variable  frequency  force  or  moment-excita- 
tion in  all  six  component  directions  to  all  six 
flexure-elements,  using  an  electromagnetic  shaker 
in  air.  The  force  or  moment-amplitude  imposed  by 
the  shaker  was  monitored  through  an  extremely 
light-weight,  strain-gaged  single  flexure-element. 
The  measured  lowest  natural  frequencies  of  the 
three  flexures  in  air  are  as  follows: 

Flexure  Number  1 2 3 

Lowest  Natural  Frequency  in  air  (Hz)  550  450  282 

Mode  M M M 

x y z 

The  measured  amplification  factor  (ratio  of  out- 
put amplitude  to  input  amplitude)  and  phase  shift 
for  all  three  flexures  is  as  follows: 

Frequency  range  (Hz)  0 to  60  60  to  120 

Phase  shift  (degrees)  0 to  0.05  0.05  to  0.15 

Amplification  factor  1.00  1.00  to  1.05 

A check  of  the  effect  of  submergence  in  water  on 
the  lowest  natural  frequency  was  made  after  the 
experimental  apparatus  was  completely  assembled 
with  propeller  blades  and  attached  in  place  under 
the  towing  carriage.  The  blade  was  struck  with  a 
sharp  light  blow  and  the  response  of  flexure 
number  1 (the  Fx,  My  flexure)  was  recorded.  The 
measured  response  indicated  that  the  lowest 
natural  frequency  of  the  flexure  was  approximately 
250  Hz  or  approximately  0.45  times  its  value  in 
air.  Similar  measurements  were  not  made  with  the 
other  two  flexures  but  it  is  assumed  that  the 
natural  frequencies  of  these  flexures  in  water  are 
approximately  0.45  times  the  measured  values  in 
air.  With  this  assumption,  the  natural  frequencies 
in  water  are: 

Flexure  Number  1 2 3 

Lowest  Natural  Frequency  in  Water 

(Hz)  250  202  127 

During  the  experiment  the  highest  propeller  rota- 
tional speed  was  17.65  rps.  Thus,  the  flexures 
have  a "true"  dynamic  response  (determined  in  air) 
up  to  at  least  the  third  harmonic  of  shaft 
rotation,  and  have  no  greater  than  five  percent 
amplification  up  to  the  sixth  harmonic  of  shaft 
rotation.  Assuming  the  lowest  natural  frequency 
of  each  flexure  in  water  is  0.45  times  its 
measured  value  in  air,  the  lowest  natural  fre- 
quency of  flexures  1,  2,  and  3 are  greater  than 
14,  11,  and  7,  respectively,  times  the  highest 
propeller  rotational  speed  used  during  the  ex- 
periments. As  discussed  in  the  Experimental 
Results  section,  extraneous  signals  appeared  in 
the  unfiltered  experimental  data  at  frequencies 
close  to  the  deduced  natural  frequency  of  each 
flexure  in  water. 


The  propeller  shaft  drive  and  soft-mount  support 
system  were  dynamically  loaded  in  the  vertical, 
longitudinal,  and  transverse  directions  to  obtain 
the  system  lowest  natural  frequencies.  The 
natural  frequencies  of  the  system  in  air  were 
found  to  be: 

Mode  Natural  Frequency  (Hz) 

Vertical  bending  12.25 

Horizontal  bending  6.0 

Axial  4.6 

The  support  system  has  a low  resonant  range; 
however,  the  soft  mount  system  was  specifically 
designed  to  prevent  the  towing-carriage  oscilla- 
tion (with  the  resonance  at  100  to  200  Hz)  from 
being  transmitted  to  the  blade  flexures.  Based  on 
the  measured  resonances,  it  is  concluded  that  the 
soft  mount  system  should  successfully  meet  this 
objective.  Although  some  of  the  resonances  are 
close  to  the  propeller  rotational  speed  for  some 
experimental  conditions,  it  is  considered  more 
desirable  to  isolate  the  system  from  the  towing 
carriage  vibration.  Therefore,  the  soft  mount 
system  is  considered  to  be  satisfactory. 

Experimental  Conditions  and  Procedures 

Experiments  were  conducted  at  several  conditions 
including  steady  ahead  operation,  simulated 
pitching  of  the  hull,  simulated  crash  ahead 
(acceleration),  and  simulated  crash  astern  (de- 
celeration). All  conditions  were  run  with  the 
model  hull  rigidly  attached  to  its  support  with 
no  freedom  to  sink  or  trim. 

Tha  steady  ahead  condition,  which  corresponds  to 
a self  propulsion  point,  is  defined  in  Table  3. 

The  trim  and  draft  at  this  speed  was  determined 
by  setting  the  specified  still  water  trim  and 
draft,  attaching  the  model  to  the  carriage  so 
that  it  is  free  to  trim  and  sink,  running  at  the 
specified  speed,  and  locking  the  model  at  this 
equilibrium  trim  and  draft. 

Runs  simulating  hull  pitching  were  conducted  at 
the  same  conditions  as  the  steady  ahead  run,  ex- 
cept that  the  hull  pitch  was  varied.  Twn  types 
of  runs  were  conducted:  (a)  quasi-steady  simula- 
tion in  which  the  hull  pitch  angle  ^ was  set  at 
various  fixed  positions,  and  (b)  unsteady  simula- 
tion in  which  i|>  was  varied  sinusoidally  with 
time.  For  the  quasi-steady  simulation,  runs  were 
conducted  at  five  different  values  of  ip , from 
two  degrees  bow  up  from  the  calm  water  equili- 
brium <ji  (ip=ipcw)  To  two  degrees  bow  down  from 
iPCW  (Table  3).  For  the  unsteady  pitch  simulation 
the  value  of  ip  was  varied  sinusoidally  about  ipcp/ 
with  an  amplitude  of  two  degrees  and  a frequency 
of  0.8  Hz.  All  runs  were  conducted  in  calm  water; 
therefore,  the  response  of  the  hull  to  the  sea- 
way was  simulated  but  the  seaway  was  not  simulat- 
ed. 

Crash  ahead  runs  were  conducted  using  the  sti 11- 
in-the-water  point  as  the  initial  condition.  Trim 
and  displacement  were  fixed  at  the  values  corre- 
sponding to  the  self  propulsion  condition  (Con- 
dition 1 of  Table  3).  Two  types  of  runs  were 
conducted:  (a)  quasi-steady  runs  in  which  all 
quantities  Including  model  speed  V,  rotational 
speed  n,  and  propeller  pitch  P were  held  constant 
(?=h=P=0),  and  (b)  unsteady  runs  in  which  V was 
varied. with  time  but  n and  P were  held  constant 
(V>0,  n=P=0) . For  the  quasi-steady  simulation, 
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runs  were  conducted  at  five  different  combinations 
of  V,  n,  and  P.  The  conditions  for  each  run  re- 
present the  conditions  at  one  instant  of  time 
during  a "true"  crash  ahead  in  which  V,  n,  and  P 
vary  with  time.  Thus,  one  "true"  crash  ahead  run 
is  represented  by  five  steady  runs  which  do  not 
simulate  the  time  rate  of  change  of  V,  n,  and  P. 

For  the  unsteady  simulation,  runs  were  conducted 
at  the  same  five  combinations  of  fixed  n and  P 
as  used  for  the  quasi-steady  simulation,  and  V was 
varied  with  time  (the  same  variation  was  used  for 
each  run)  representing  an  acceleration  of  the 
model  hull  (Figure  6).  For  each  of  these  runs, 
data  are  of  interest  only  near  the  value  of  V 
which  occurs  concurrently  with  the  fixed  values 
of  n and  P during  the  "true"  crash  ahead 
(?^0,  lij^O,  f^O).  Thus,  one  "true"  crash  ahead  run 
is  represented  by  five  runs  which  simulate  the 
proper  time  rate  of  change  of  V but  not  the  proper 
time  rate  of  change  of  n and  P.  The  quasi-steady 
and  unsteady  crash  ahead  simulations  are  for  the 
same  conditions,  the  only  difference  being  that 
for  the  quasi -steady  simulation  V=0  whereas  for 
the  unsteady  simulation  ^>0.  In  general  P varies 
with  time  during  a "true"  crash  ahead  run;  however, 
for  the  crash  ahead  run  under  simulation  here  P is 
constant  throughout  the  portion  of  the  run 
simulated. 

Crash  astern  runs  were  conducted  using  the  self 
propulsion  condition  (condition  1 in  Table. 3)  as 
the  initial  condition.  Both  quasi-steady  (V=n=P=0) 
and  unsteady  (V<0,  n=P=0)  runs  were  conducted 
(Table  3 and  Figure. 6)  to  simulate  one  "true" 
crash  astern  (V^O,  h^O,  P^O)  condition  by  pro- 
cedures similar  to  those  described  for  the  crash 
ahead  condition.  Unlike  the  crash  ahead  simulation, 
the  value  of  propeller  pitch  P varies  through  the 
portion  of  the  "true"  crash  astern  under  simulation. 

For  the  unsteady  crash  ahead  and  crash  astern  runs 
the  carriage  speed  was  manually  varied  with  time 
in  a carefully  controlled  manner.  This  was 
achieved  with  the  aid  of  an  inked  pen  on  a two- 
dimensional  Cartesian  plotter.  In  one  direction 
the  pen  is  controlled  so  that  it  moves  linearly 
with  time,  and  in  the  orthogonal  direction  it  is 
controlled  so  that  it  varies  with  the  instanta- 
neous carriage  speed.  When  a crash  ahead  or  crash 
astern  maneuver  is  to  be  executed  the  switch 
moving  the  pen  with  time  is  turned  on,  and  the 
carriage  operator  manually  varies  the  carriage 
speed  so  that  the  inked  pen  follows  a prescribed 
velocity  versus  time  curve. 

As  discussed  in  the  Facility  and  Dynamometry 
section,  each  of  the  three  load  sensing  flexures 
measures  only  two  components  of  blade  loading. 
Therefore,  each  of  the  experimental  conditions 
described  in  Table  3 was  run  with  each  of  the 
three  blade-loading  flexures. 

The  blade  pitch  was  set  using  a template.  In  order 
to  change  either  the  blade  pitch  or  the  flexure 
the  propeller  had  to  be  removed  from  the  drive 
system. 

Supplemental  experiments  were  conducted  to  assess 
the  influence  of  the  downstream  dynamometer  boat 
on  the  flow  in  the  propeller  plane.  These  supple- 
mental experiments  consisted  of  (1)  wake  surveys 
in  the  propeller  plane  at  the  self  propulsion 
point  (condition  1 in  Table  3)  with  and  without 
the  downstream  body,  (2)  measurement  of  time 
average  thrust  and  torque  using  a transmission 


dynamometer  in  the  model  hull  near  the  self  pro- 
pulsion point  with  and  without  the  downstream 
body,  and  (3)  measurement  of  the  six  components 
of  blade  loading  at  P/D=l . 06  over  a range  of 
advance  coefficient  J with  the  downstream  body  at 
zero  shaft  angle  but  without  the  upstream  ship 
model.  The  supplemental  experiment  (1)  (wake 
surveys)  yields  a direct  measure  of  the  change  in 
volume  mean  velocity  through  the  propeller  disc 
due  to  the  downstream  body.  The  change  in  effec- 
tive velocity  through  the  propeller  disc  is  de- 
duced from  supplemental  experiments  2 and  3 by 
thrust  and  torque  identity  between  similar  con- 
ditions with  and  without  the  downstream  body. 

Some  air  spin  experiments  were  conducted  with  the 
Fz,  Mz  flexure  over  a range  of  pitch  settings.  The 
objective  of  these  experiments  was  to  isolate  the 
centrifugal  loading  in  the  Fz  and  Mz  directions, 
and  to  evaluate  the  reliability  of  the  results  with 
this  flexure  by  correlation  with  analytically  cal- 
culated centrifugal  loading. 

Data  Acquisition  and  Analysis 

Data  were  collected,  stored,  and  analyzed  on-line 
using  a Model  70  Interdata  Digital  Computer.  A 
special-purpose  computer  program  was  written  with 
options  for  analyzing  each  of  the  three  basic 
types  of  runs:  (1)  steady  ahead,  (2)  dynamic  hull 
pitching,  and  (3)  unsteady  crash-ahead  or  crash- 
astern.  The  types  of  runs  are  discussed  in  more 
detail  in  the  Experimental  Conditions  and  Pro- 
cedures section. 

The  program  allows  the  propeller  blade  force  and 
moment  data  to  be  sampled  and  stored  on  magnetic 
tape  as  a function  of  shaft  position.  Sampling  is 
triggered  by  external  pulses  generated  by  a 
digital  encoder  mounted  on  the  propeller  shaft, 
as  discussed  in  the  Facility  and  Dynamometry 
section.  Pulses  are  generated  as  a function  of 
shaft  angular  position;  hence,  the  sampling  of 
blade  force  and  moment  data  is  related  to  the 
shaft  position.  There  are  two  outputs  from  the 
shaft  encoder;  a single  pulse  per  revolution  and 
multi-pulse  (90  pulses  per  revolution  for  the 
current  experiments). 

When  the  experimental  condition  is  achieved,  the 
computer  operator  initiates  the  data  collection 
cycle.  The  program  "waits"  until  the  single  pulse 
occurs.  When  the  single  pulse  occurs,  the  com- 
puter aqain  "waits"  for  the  occurrence  of  the 
first  following  pulse  of  the  90  pulses;  data  are 
then  sampled  for  all  channels  through  an  analog- 
to-digital  converter  and  stored  in  computer 
memory.  This  process  is  repeated  for  180  pulses, 
or  two  shaft  revolutions.  At  the  same  time  the 
program  "reads"  two  frequency  counters  into  core 
memory  which  measure  model  velocity  V and  pro- 
peller rotational  speed  n.  V and  n are  measured 
by  counting  the  pulses  from  geared  wheels  attach- 
ed to  the  towing  carriage  drive  system  and  to  the 
propeller  shaft,  respectively.  The  V and  n are 
averaged  over  two  shaft  revolutions.  Thus,  there 
is  an  average  V and  n corresponding  to  each  pair 
of  two  consecutive  revolutions. 

After  two  revolutions  of  data  have  been  sampled 
and  stored  in  core  memory,  the  data  are  trans- 
ferred from  core  to  a 9-track  digital  tape 
recorder.  The  transfer  time  is  small  and 
no  pulses  are  missed  during  the  transfer. 

The  data  collect  cycle  proceeds  continuously 
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until  the  operator  disengages  the  computer.  The 
sampling  procedure  is  the  same  for  all  types  of 
experimental  conditions.  Therefore,  at  the  com- 
pletion of  an  experimental  run  all  data  are 
stored  on  magnetic  tape.  The  data  can  then  be 
analyzed  immediately  or  at  any  later  time.  For 
analysis,  the  computer  operator  selects  the 
appropriate  option  of  the  program  depending  on 
the  type  of  run;  i.e.,  (1)  steady  ahead,  (2) 
dynamic  hull  pitching,  or  (3)  unsteady  crash 
ahead  or  crash  astern. 

The  appropriate  calibration  factors  are  stored  in 
the  computer  and  are  considered  in  the  analysis. 
However,  since  only  two  of  the  six  components  of 
blade  loading  are  measured  during  a given  run, 
the  interactions  between  the  various  loading 
components  cannot  be  considered  during  the  on- 
line analysis.  The  interactions  are  taken  into 
account  later  after  measurements  are  completed 
with  all  three  flexures  for  a given  condition. 

For  the  steady  ahead  condition,  blade  force  and 
moment  data  at  each  4-degree  increment  of  blade 
angular  position  are  averaged  over  the  number  of 
cycles  recorded  (usually  over  more  than  200 
cycles).  Spurious  data  not  related  to  shaft 
position  is  averaged  out  by  this  method.  A 
harmonic  analysis  is  then  performed  on  the 
average  wave  forms  of  the  blade  loading  com- 
ponents. This  gives  the  amplitude  and  phase  of 
the  first  16  harmonics. 

For  the  dynamic  pitch  runs  the  hull  pitch  angle 
iji  varies  sinusoidally  with  a frequency  of  0.8Hz. 

A position  potentiometer  translates  bow  vertical 
displacement  into  hull  pitch  angle  which  is  read 
into  the  computer  in  the  same  manner  as  blade 
loading  components.  During  dynamic  pitching  the 
jhaft  rotates  independent  of  the  pitch  oscil- 
lator. During  a single  propeller  revolution  90 
pitch  positions  are  measured.  Thus,  to  correlate 
pitch  angle  position  and  revolution  an  average 
pitch  must  be  taken  over  each  revolution. 

Sixteen  dynamic  pitch  angle  positions  are 
selected  for  analysis.  These  are  characterized 
by  pitch  angle  \p  and  the  sign  of  the  time  rate  of 
change  of  pitch  angle  i.  .The  computer  calculates 
an  average  \p  and  sign  of  ip  corresponding  to  each 
propeller  revolution.  Based  on  these  calculated 
average  values  of  <|<  and  sign  of  i,  each  propeller 
revolution  is  placed  in  a suitable  hull  pitch 
angle  category,  or  is  discarded  if  its  average  ip 
falls  outside  the  tolerance  band  of  all  the  16 
specified  values  of  ip . Several  passes  down  the 
towing  tank  are  required  in  order  to  obtain  a 
sufficient  number  of  samples.  After  all  the  data 
have  been  sorted  based  on  (tp,  sign  of  ip),  and  tol- 
erance, the  cycles  for  each  combination  of  (ip, 
sign  of  ip)  are  analyzed  in  exactly  the  same 
manner  as  the  data  for  the  steady  ahead  condition 
at  fixed  ip. 

For  unsteady  crash  ahead  and  crash  astern  runs  the 
model  speed  V varies  with  time  t.  During  a crash 
ahead  or  crash  astern  run,  data,  including  a 
measure  of  V,  are  sampled  and  stored  in  the  same 
manner  as  for  the  steady  ahead  runs. 

Five  values  of  V are  specified  for  analysis.  For 
each  crash  ahead  or  crash  astern  run  and  for  each 
specified  V the  computer  selects  the  propeller 
revolution  which  has  the  average  value  of 
measured  V nearest  to  the  specified  V.  However, 


for  a single  crash  ahead  or  crash  astern  run  only 
one  revolution  at  each  specified  velocity  is 
obtained.  Therefore,  each  crash  ahead  or  crash 
astern  run  is  repeated  from  3 to  5 times.  This 
yields  from  3 to  5 revolutions  at  each  specified 
velocity.  All  the  cycles  for  each  specified  V 
are  then  analyzed  in  exactly  the  same  manner  as 
the  data  for  the  steady  ahead  conditions. 

Therefore,  the  on-line  analysis  system  yields 
average  wave  forms  and  harmonic  analysis  of  the 
average  wave  forms  for  steady  ahead  conditions, 
for  specified  conditions  of  ( ip , sign  of  p)  during 
the  dynamic  pitch  cycle,  and  for  specified  veloc- 
ities V during  the  crash  ahead  or  crash  astern 
operation.  However,  these  on-line  results  are 
preliminary  because: 

(1)  They  do  not  consider  the  interactions  between 
the  various  loading  components.  These  interactions 
were  determined  during  the  static  calibration  of 
the  flexures. 

(2)  They  include  the  complete  measured  signals 
with  no  filtering.  As  discussed  in  the  Experi- 
mental Results  section,  there  appeared  to  be  some 
extraneous  signals  near  the  natural  frequency  of 
the  flexure  being  used  superimposed  on  the  signals 
generated  by  blade  loading. 

Final  analyses  were  conducted  after  completion  of 
the  experiment  to  consider  interactions  and  to 
filter  out  extraneous  high  frequency  noise.  These 
analyses  were  conducted  using  a CDC  6700  computer. 
For  each  condition,  the  average  wave  form  for 
each  of  the  6 loading  components  were  multiplied 
by  the  inverse  of  the  calibration  matrix  given  in 
Table  2. 


M' 


This  matrix  multiplication  was  performed  at  4- 
degree  increments  of  blade  angular  position.  A 
harmonic  analysis  was  then  performed  on  the 
signals  corrected  for  the  interactions. 

Based  on  a harmonic  analysis  of  the  wake  in  the 
propeller  plane  it  was  judged  that  there  should 
be  no  significant  loading  of  hydrodynamic  origin 
at  frequencies  above  10  times  shaft  frequency. 
Therefore,  the  wave  form  was  then  reconstructed 
using  the  first  10  harmonics  of  shaft  frequency, 
except  for  the  spindle  torque  Mz  which  used  the 
first  5 harmonics  of  shaft  frequency.  This  re- 
construction usinq  only  the  first  10  (or  5) 
harmonics  had  the  same  effect  as  filtering  out 
all  frequencies  above  10  (or  5)  times  shaft 
frequency. 

From  the  known  values  of  Fx,  Fy,  Mx,  and  My,  the 
values  of  the  bending  moment  normal  to  the  nose- 
tail  line  at  the  blade  root  (the  0.289  radius) 
and  at  the  0.4  radius  were  calculated.  For  the 
calculation  about  the  0.4  radius  it  was  assumed 
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that  the  loading  between  the  blade  root  and  the 
0.4  radius  accounted  for  3 percent  of  the  moments 
about  the  shaft  centerline.  These  bending 
moments  were  calculated  at  every  4 degrees  of 
blade  angular  position,  harmonically  analyzed, 
and  the  wave  form  reconstructed  using  the  first 
10  harmonics  of  blade  angular  position  in  exactly 
the  same  manner  as  was  used  for  the  other  com- 
ponents of  blade  loading. 

Plots  of  the  data  were  generated  by  the  CDC 
computer  system  using  a Calcomp  Plotter. 

Accuracy 

During  the  experiments,  for  steady  ahead  operation 
&=0,  the  model  speed  V and  rotational  speed 
n could  be  controlled  to  within  accuracies  of 
+0.005  M/sec  and  +0.01  rev/sec,  respectively.  For 
the  unsteady  crasF  astern  and  crash  ahead 
maneuvers  (V/0),  the  average  of  the  three  to  five 
values  of  V and  n during  the  unsteady  runs  for 
which  data  are  presented  was  generally  within 
+0.01  M/sec  and  +0.05  rev/sec,  respectively,  of 
the  target  values. 

For  runs  with  fixed  hull  pitch  angle  ip,  ( ip=0 ) the 
value  of  ip  can  be  controlled  to  within  0.005 
degrees.  For  dynamic  pitch  runs,  ip?0,  the  selec- 
tion of  a propeller  revolution  at  a specified  <p 
necessitates  a tolerance  of  0.1  degree  to  ip; 
however,  the  average  value  of  ip  during  the 
unsteady  runs  for  which  data  are  presented  is 
generally  within  0.02  degree  o+  the  target  \p. 


Boswell(18).  Previous  measurements  of  spindle 
torque  by  Boswell,  et  al (19)  and  by  Hawdon,  et 
al (3)  have  correlated  well  with  values  calculated 
by  this  procedure.  Figures  7 and  8 show  the 
correlation  for  Mz  and  Fz,  respectively.  Mz 
correlates  fairly  well  except  at  P/D=-0.67  and 
the  correlation  for  Fz  is  rather  poor.  This  poor 
correlation  for  Fz,  combined  with  the  large  inter- 
action effect  of  Mz  on  Fz  and  the  low  natural 
frequency  of  this  flexure  casts  doubt  on  the  re- 
liability of  the  measured  values  of  Fz.  In 
addition,  the  experimental  values  of  Fz  in  water 
were  rather  inconsistent.  Since  Fz  arises 
primarily  from  centrifugal  loading,  no  experi- 
mental results  for  Fz  in  water  are  presented. 

Influence  of  Dynamometer  Boat 

The  results  of  the  wake  surveys  with  and  without 
the  downstream  body  (dynamometer  boat)  are  presented 
in  Figures  9 and  10.  These  data  indicate  that  the 
downstream  body  has  only  a small  effect  on  the 
circumferential  and  radial  variation  in  the  flow, 
and  only  a small  effect  on  the  harmonic  content  of 
the  flow.  However,  these  data  indicate  that  the 
downstream  body  reduces  the  volume  mean  velocity 
through  the  propeller  disc  by  approximately  12 
percent.  This  reduction  in  mean  flow  due  to  the 
downstream  body  was  confirmed  by  values  deduced 
from  thrust  and  torque  identity  between  model 
experimental  values  with  and  without  the  down- 
stream body  in  place.  The  values  of  reduction  in 
effective  velocity  deduced  in  this  manner  are  as 
follows : 


The  forces  Fx  and  Fy  and  moments  Mx,  My,  and  Mz 
are  accurate  to  within  plus  or  minus  tne 
following  variations: 


Steady  ahead, V=0,i=0 

V 

CM] 

FE«i 

[N-m] 

mmax 

[N-m] 

1.0 

1.5 

0.04 

0.06 

Dynamic  pitch, V=0,tji/0 

1.5 

2.0 

0.06 

0.08 

Crash  ahead, V>0,ip=0 

2.0 

2.5 

0.08 

0.10 

Crash  astern,V<0,iJ)=0 

2.0 

2.5 

0.08 

0.10 

The  values  are  somewhat  more  accurate  for  the 
steady  ahead  runs  than  for  the  time-dependent 
runs,  because  the  experimental  conditions  could 
be  controlled  more  precisely  for  the  steady  runs 
and  the  measured  forces  and  moments  were  averaged 
over  many  more  revolutions  of  the  propeller.  The 
time-average  values  per  revolution  are  slightly 
more  accurate  than  the  maximum  values  considering 
variation  with  blade  angular  position  because  the 
time-average  values  are  based  on  90  samples  per 
revolution  whereas  the  maximum  values  are  based 
on  one  sample  per  revolution.  Further,  the  peak 
values  may  be  slightly  influenced  by  the  dynamic 
response  of  the  flexures  as  discussed  in  the 
Calibration  section. 

The  measured  values  of  F z are  substantially  less 
accurate  than  the  other  components  of  blade 
loading.  Therefore,  results  for  Fz  are  not 
presented,  as  discussed  in  the  Experimental 
Results  section. 

EXPERIMENTAL  RESULTS 

Centrifugal  Loads 

The  results  of  the  air-spin  experiments  with  the 
Fz,  Mz  flexure  were  compared  with  calculated 
values  of  Fz  and  Mz  using  the  method  of 


(1)  From  measurement  of  mean  thrust  and  torque 
using  a transmission  dynamometer  inside  the  model 
hull  at  the  self  propulsion  point  (condition  1 in 
Table  3)  with  and  without  the  downstream  body  in 
place:  10  to  14  percent. 

(2)  From  mean  thrust  and  torque  deduced  from  the 
blade  loading  experiments  at  the  self  propulsion 
point  (condition  1 in  Table  3)  and  thrust  and 
torque  measured  during  a previous  self  propulsion 
model  experiment:  10  to  14  percent. 

(3)  From  mean  thrust  and  torque  coefficients 
deduced  from  blade  loading  experiments  at 
P/D= 1 . 06  over  a range  of  advance  coefficient  J 
with  the  downstream  body  at  zero  shaft  angle  with 
no  upstream  hull,  and  thrust  and  torque  coef- 
ficient determined  by  previous  open  water  experi- 
ments (Figure  11):  9 to  12  percent. 

Based  on  these  results  it  was  concluded  that  the 
downstream  body  reduced  the  mean  velocity  into 
the  propeller  by  12  percent  at  the  self  propulsion 
condition.  It  was  assumed  that  this  12  percent 
reduction  occurred  at  all  conditions  at  which 
experiments  were  conducted.  Therefore,  the  time 
average  value  per  revolution  of  each  loading  com- 
ponent was  corrected  for  the  effect  of  the  down- 
stream body  as  follows:  From  the  measured  blade 
thrust  (Fx)  and  blade  torque  (FTX ) an  effective 
advance  coefficient  J based  on  thrust  identity, 

Jj,  and  torque  identity,  Jq,  were  deduced  from 
the  open  water  data  (Figure  11).  These  were 
multipled  by  (1/0.88)  to  obtain  corrected  values 
of  Jj  and  Jq,  i.e.,  without  the  downstream  body. 
The  corrected  values  of  Fx  and  TTX  are  obtained 
from  the  open  water  data  at  the  corrected  advance 
coefficients  Jj  and  Jq,  respectively.  It  is 
assumed  that  the  downstream  body  does  not  affect 
the  radial  center  of  thrust  Fx  and  tangential 
force  Fy.  Therefore, 
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M — 

■/corrected 

(FX  /\  fly 

corrected  measured  Jmeasured 

F 

■^corrected 

(FTX  /\  W 

corrected  measured  ^measured 

The  spindle  torque  (Mz)  was  corrected  by  the  same 
procedure  as  used  for  Fx  and  Mx,  except  that  the 
centrifugal  and  hydrodynamic  components  of 
spindle  torque  were  separated  so  that  the 
correction  was  applied  to  the  hydrodynamic  com- 
ponent only.  Centrifugal  spindle  torque  was 
determined  by  air  spin  experiments  as  discussed 
previously.  The  open  water  hydrodynamic  spindle 
torque  data  used  for  these  corrections  was  that 
reported  by  Denny  and  Stevens (20).  These  data 
were  presented  over  a range  of  pitch  ratio  P/D 
and  advance  coefficient  J for  a propeller  which 
was  very  similar  to  that  used  in  the  present  in- 
vestigation (the  number  of  blades,  blade  outline 
shape,  and  spindle  axis  location  are  the  same  for 
these  two  propellers). 

In  addition  to  the  correction  to  hydrodynamic 
spindle  torque  for  mean  advance  coefficient,  the 
centrifugal  spindle  torque  was  corrected  for  the 
difference  in  density  between  the  aluminum  model 
propeller  and  a nickel-aluminum-bronze  full  scale 
propeller.  Since  centrifugal  spindle  torque  is 
directly  proportional  to  the  density  of  the 
material,  this  correction  factor  is  simply 
(0NI-AL-Br)/(pA|)-  The  time-average  spindle 
torque  per  revolution  presented  in  this  paper  is 
the  sum  of  the  hydrodynamic  spindle  torque  cor- 
rected for  the  downstream  body  and  the  centrifugal 
spindle  torque  which  corresponds  to  nickel- 
aluminum-bronze  propeller  blades. 

No  correction  for  the  effect  of  the  downstream 
dynamometer  boat  was  made  to  the  measured  cir- 
cumferential variation  of  the  loading  components. 
Calculations  using  the  methods  of  Tsakonas,  et 
a 1 (14)  and  McCarthy(15)  indicate  that  the  in- 
fluence of  the  downstream  body  may  reduce  the 
peak  to  peak  circumferential  variation  of  the 
loads  by  approximately  10  percent  of  the  uncor- 
rected unsteady  loading.  However,  these  methods 
did  not  agree  well  with  the  experimental  results, 
as  discussed  in  the  Correlation  with  Full  Scale 
Data  and  Theory  section. 

Steady  Ahead 

For  operation  near  the  self  propulsion  point 
(condition  1 in  Table  3),  Figure  12  presents  the 
variation  of  Fx  with  blade  angular  position,  and 
Figure  13  presents  the  amplitude  of  the  first  25 
harmonics  of  Fx.  For  the  harmonic  amplitudes 
and  phases,  the  variation  with  blade  angular 
position  is  represented  as: 

N 

Fx(e)=Fx+  i (Fx)ncos (ne- (<(>F  ) ) 
n*l  rx  n 

where  Fx*circumferential  average  value  of  Fx, 
(Fx)n=amplitude  of  the  nth  harmonic  of  Fx, 
e=angular  position  in  disc,  positive  clock- 
wise from  the  vertical  upward  looking  up- 
stream. The  reference  line  on  the  blade 
is  the  radial  line  through  midchord  at  the 
hub  radius. 

4Fx)n’phase  an91e  of  nth  harmonic  of  F 
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A similar  representation  is  used  for  all  compon- 
ents of  blade  loading. 

Based  on  the  dynamic  calibration,  as  discussed  in 
the  section  Calibration,  it  was  judqed  that  for 
all  loading  components  the  data  are  valid  for  the 
first  10  harmonics,  except  Mz  which  was  judged  to 
be  valid  for  the  first  5 harmonics.  Therefore, 
all  data  and  analyses  except  Figures  12  and  13, 
are  based  on  reconstructed  signals  using  5 
harmonics  for  Mz  and  10  harmonics  for  other 
loading  components.  The  spots  shown  on  Figure  12 
are  the  unfiltered  values  determined  from  the  ex- 
periment, each  spot  representing  the  average  value 
at  the  indicated  blade  angular  position  for  over 
200  propeller  revolutions.  The  lines  are  the 
signals  reconstructed  from  the  first  10  harmonics. 
Figure  12  indicates  that  the  variation  of  the 
signal  with  blade  angular  position  is  adequately 
represented  by  the  number  of  harmonics  retained. 
Figures  12  and  13  show  that  there  is  a resonance 
in  the  Fx  signal  near  the  14th  harmonic.  This 
corresponds  to  (14) (17.65Hz)=247Kz  which  is  near 
the  natural  frequency  of  this  flexure  in  water  as 
discussed  in  the  Calibration  section.  The 
characteristics  of  the  data  for  Fx,  as  illustrated 
in  Figures  12  and  13  is  typical  of  the  data  for 
all  components  of  blade  loading. 

The  variation  of  all  measured  loading  components 
with  blade  angular  position  for  condition  1 in 
Table  3 is  shown  in  Figure  14.  Figure  15  presents 
the  amplitude  and  phases  of  the  harmonics  of 
these  loading  components.  The  values  for  each 
loading  component  are  presented  as  decimal 
fractions  of  the  time  average  value  of  the 
corresponding  loading  component.  These  time 
average  values  are  presented  in  Table  4.  These 
data  indicate  that  for  all  loading  components 
the  extreme  values  occur  near  e=90  degrees  and 
8=270  degrees  and  the  variation  is  predominately 
a once  per  revolution  variation.  This  suggests 
that  the  tangential  component  of  the  wake  is  the 
primary  driving  force. 

For  Fx  and  My,  which  are  the  largest  measured 
force  and  moment  components,  the  maximum  values 
are  approximately  1.38  times  the  time  average 
values;  and  the  range  of  values  with  blade 
angular  position,  i.e.,  the  maximum  value  minus 
the  minimum  value  (double  amplitude)  are  approxi- 
mately 0.80  times  the  time-average  value.  For  Fy 
and  Mx  the  maximum  values  and  range  of  values  with 
blade  angular  position  are  somewhat  smaller 
fractions  of  the  respective  time-average  values. 

For  Mz  the  maximum  value  and  range  of  values  with 
blade  angular  position  are  much  greater  fraction 
of  its  time  average.  This  large  fractional 
variation  in  Mz  occurs  because  1TZ  is  very  small  at 
the  self  propulsion  point.  This  small  value  of 
ttz  occurs  because  the  blade  is  designed  with  its 
area  balanced  forward  and  aft  the  spindle  axis  at 
the  self  propulsion  point. 

Hull  Pitch 

Figure  16  presents  the  variation  of  the  peak 
values  and  time  average  values  per  revolution  of 
Fx  with  hull  pitch  angle  ty  for  both  quasi-steady 
simulation,  (time  rate  of  change  of  hull  pitch 
angle  i=0)  and  unsteady  simulation  (i/0).  The 
data  for  other  components  of  blade  loading  show 
similar  trends.  These  data  show  that,  except  for 
spindle  torque,  Mz,  the  time  average  value  per 
revolution  of  each  loading  component  remains 
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within  4 percent  of  its  value  corresponding  to 
self  propulsion  in  calm  water.  This  holds  true 
for  both  quasi-steady  simulation,  *=u,  and  un- 
steady, ip/ 0.  The  time-average  spindle  torque  per 
revolution,  Rz,  varies  by  up  to  20  percent  from 
its  value  at  4>=4>CM>  wtiere  4>cw  1S  t*le  value  of  'I' 
in  calm  water.  This  large  percentage  variation 
occurs  because  Mz  is  very  small  at  \f)=4>cw  as  dis- 
cussed  previously. 

For  the  quasi-steady  runs,  data  at  each  specified 
value  of  hull  pitch  angle  ip  were  recorded  and 
averaged  for  a minimum  of  200  propeller  revolu- 
tions, whereas  for  the  dynamic  pitching  runs  data 
at  each  specified  \p  represented  an  average  of 
from  10  to  35  propeller  revolutions.  As  dis- 
cussed in  the  Data  Acquisition  and  Analysis 
section,  the  selection  of  a propeller  revolution 
at  a specified  ip  during  the  dynamic  pitch  runs 
necessitates  a tolerance  of  0.1  degree  to  i|/; 
however,  the  average  value  of  * during  steady 
runs  for  which  data  are  presented  is  generally 
within  0.02  degree  of  the  target  ip.  Therefore, 
the  differences  between  the  results  for  the  quasi - 
steady  and  unsteady  simulations,  including  the 
time  average  values  per  revolution,  is  significant- 
ly larger  than  any  errors  which  may  arise  from  in- 
accuracies in  setting  the  experimental  conditions. 

For  both  quasi-steady  and  unsteady  simulation,  the 
absolute  value  of  the  time-average  value  per 
revolution  of  all  loading  components,  except 
spindle  torque  Mz,  decreases  slightly  for  bow  up 
and  increases  slightly  for  bow  down.  This  suggests 
that  the  effective  speed  of  advance  of  the  pro- 
peller increases  slightly  for  the  bow  up  condi- 
tion and  decreases  slightly  for  the  bow  down  con- 
dition. This  appears  reasonable  since  for  bow 
down  the  propeller  tends  to  be  further  into  the 
boundary  layer  of  the  hull. 

For  the  peak  values,  there  is  a significant  dif- 
ference between  the  results  for  the  quasi-steady 
simulation  and  the  unsteady  simulation.  For  the 
quasi-steady  simulation  the  variation  of  the  peak 
values  with  hull  pitch  angle  ip  follows  the  same 
trend  as  the  variation  of  the  time  average  values 
per  revolution.  These  quasi-steady  results 
indicate  that  for  ip  up  to  two  degrees  the  maximum 
increase  in  the  peak  value  of  any  loading  com- 
ponent above  the  corresponding  value  for  ip=<PCW 
is  four  percent.  By  contrast,  the  dynamic  simula- 
tion shows  that  the  maximum  value  of  the  peak 
loads  may  increase  by  up  to  20  percent  above  the 
corresponding  value  for  steady  ahead  at  a fixed 
hull  pitch,  i|i=ij/CW' 

The  dynamic  simulation  shows  a dramatically  dif- 
ferent trend  of  peak  load  with  \p  than  indicated 
by  the  quasi-steady  simulation.  For  the  dynamic 
simulation  the  largest  values  of  the  peak  loading 
components  occur  near  ip=tpcw  as  the  hull  passes 
from  the  bow  up  to  the  bow  down  position  of  the 
cycle,  and  the  smallest  value  of  peak  loadinq 
components  occurs  near  ip=ipcw  as  the  hull  passes 
from  the  bow  down  to  the  bow  up  position  of  the 
cycle.  Apparently,  the  time  dependent  motion  of 
the  hull  has  an  adverse  effect  on  the  wake 
pattern  into  the  propeller  disc,  i.e.,  it  appears 
to  cause  the  circumferential  variation  of  the 
wake  to  Increase.  Comparison  of  the  time,  or 
location  during  the  cycle  of  hull  pitch  angle 
at  which  the  largest  peak  loads  occur  for  quasi- 
steady and  unsteady  simulations,  shows  a lag  of 
approximately  0.95  seconds,  or  0.75  cycles. 


between  the  motion  of  the  hull  and  the  flow  pattern 
into  the  propeller  resulting  from  this  motion.  It 
is  reasonable  to  expect  that  this  time  lag  is 
approximately  the  time  that  it  takes  for  a 
particle  of  fluid  to  move  from  the  longitudinal 
center  of  the  ship  to  the  propeller.  This  time  is 
approximately 

(L/2V)=(6.49M)/[ (2) (3.33)M/sec]=0.975  seconds 

and  the  corresponding  fraction  of  the  cycle  is 

(time) ( frequency )= (0.975) (0.8)=0. 78 

These  values  agree  with  the  observed  lag  of  the 
maximum  values  of  the  peak  loading  components  for 
the  dynamic  simulation  as  compared  to  the  quasi- 
steady simulation. 

The  unsteady  loading  is  important  from  consider- 
ation of  fatigue  of  the  propeller  blades  and  hub 
mechanism.  Since  a ship  may  operate  for  an  ex- 
tended period  in  a seaway,  the  effect  of  the  ship 
motions,  such  as  dynamic  hull  pitching,  on  un- 
steady blade  loads  is  of  significance.  The 
difference  between  the  peak  load  and  the  time- 
average  load  per  revolution  is  a measure  of  the 
unsteady  loading.  Using  this  difference  as  a 
measure  of  the  unsteady  loading,  the  quasi-steady 
simulation  indicates  that  for  hull  pitch  angles  \p 
up  to  two  degrees,  each  unsteady  loading  com- 
ponent is  increased  by  not  more  than  5 percent 
above  its  corresponding  value  for  ip=<PCPI-  By 
contrast,  the  dynamic  simulation  shows  that  the 
unsteady  loading  components  are  increased  by 
over  50  percent  above  their  corresponding  values 
for  This  indicates  that  the  quasi-steady 

simulation  is  completely  inadequate  for  estimat- 
ing the  effect  of  the  seaway  on  unsteady  loading. 
This  also  shows  that  the  effect  of  the  ship 
motions  can  dramatically  increase  the  unsteady 
loading  on  the  blades.  Therefore,  the  effect  of 
the  ship  motions  due  to  operation  in  a seaway 
should  be  considered  in  any  analysis  of  blade 
loading,  and  in  any  fatigue  analysis  of  the  pro- 
peller blades  or  hub  mechanism. 

Crash  Ahead  and  Crash  Astern 

Figures  17  and  18  present  the  variation  of  com- 
ponents of  blade  loading  with  blade  angular 
position,  and  the  amplitude  and  phase  of  the 
harmonics  of  Fx,  respectively,  for  the  quasi-steady 
simulated  crash-ahead  condition,  tf=P=h=0. 

Figures  19  and  20  present  similar  results 
for  the  quasi -steady  simulated  crash-astern  con- 
ditions, 9=h=P=0.  The  values  for  each  loading 
component  are  presented  as  decimal  fractions  of 
the  time-average  value  of  the  corresponding 
loading  component  at  the  self  propulsion  condi- 
tion (condition  1 of  Table  3).  These  time-average 
values  are  presented  in  Table  4. 

Taylor  wake  fraction  based  on  thrust,  1-wj,  and 
Taylor  wake  fraction  based  on  torque,  1-wn 
derived  from  the  measured  values  of  Fx  and  fTx  and 
the  open-water  characteristics  of  the  propeller 
(Figure  11)  are  presented  in  Figure  21.  These 
data  indicate  a substantial  variation  in  1-wj  and 
1-wq  during  the  simulated  crash  ahead  and  crash 
astern  maneuvers.  During  the  crash-ahead 
maneuver  1-wp  is  larger  than  its  value  near  the 
self-propulsion  point  and  1-wq  is  smaller  than  its 
value  near  the  self-propulsion  point.  For  the 
crash  astern  maneuver  both  1-wj  and  1-wq  initially 
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decrease  with  decreasing  speed,  and  then  increase 
dramatically  as  speed  is  further  reduced.  At  the 
lowest  experimental  speed  during  simulated  crash- 
astern  (V=0.17M/sec)  both  1-wj  and  1-wq  are 
greater  than  2.5. 

These  indicated  values  of  1-wj  and  1-wq  are 
subject  to  significant  inaccuracies  in  the  initial 
portion  of  the  simulated  crash  forward,  and  in  the 
final  portion  of  the  crash  astern  (shown  dotted 
in  Figure  21).  These  inaccuracies  arise  because 
the  thrust  and  torque,  which  are  measured  on  only 
one  blade,  are  small  in  these  regions 

(Fx  < 15N,  Mx  < 0.5N-m). 

In  addition,  for  P/D<0.4,  Kq  is  not  sensitive  to 
J in  the  region  of  interest  during  the  simulated 
crash  astern.  This  introduces  significant 
inaccuracies  in  1-wq  in  this  region. 

Figures  17  and  19  show  that  for  almost  all 
measured  loading  components  the  maximum  time 
average  values  per  revolution  and  the  peak  values, 
including  variation  with  blade  angular  position, 
occur  at  the  third  experimental  condition 
(V=1.46M/sec,  n=11.19rev/sec,  P/D=l . 39) 
during  the  crash-ahead  maneuver.  For  My,  which 
is  the  largest  moment  component,  the  peak  value  and 
the  maximum  time  average  value  per  revolution  are 
1.51  and  1.35,  respectively,  times  the  time 
average  value  at  the  self  propulsion  point.  For 
the  other  loading  components,  except  spindle 
torque  Mz,  the  peak  value  and  the  maximum  time 
average  value  per  revolution  are  in  the  range  1.35 
to  1.60,  and  1.20  to  1.45,  respectively,  times  the 
corresponding  time  average  value  at  the  self  pro- 
pulsion point.  For  spindle  torque  Mz  the  peak 
value  and  the  maximum  time  average  value  per  rev- 
olution are  5.6  and  4.8,  respectively,  times  the 
time  average  value  at  the  self  propulsion  point. 
These  large  increases  occur  for  Mz  because  ffz  is 
quite  small  at  the  self  propulsion  point  as  dis- 
cussed in  the  Steady  Ahead  subsection. 

For  the  crash  astern  maneuver,  these  results  show 
that,  except  for  spindle  torque,  the  maximum  time 
average  load  per  revolution  and  the  peak  load, 
including  variation  with  blade  angular  position, 
occurs  at  the  initial  (steady  ahead)  condition. 

Higher  loads  than  those  shown  in  Figures  17  and 
19  could,  of  course,  be  developed  during  crash- 
ahead  or  crash-astern  maneuvers,  depending  upon 
values  of  tf,  h,  and  P. 

For  all  loading  components  the  variation  with 
blade  angular  position  tends  to  be  dominated  by 
the  first  harmonic  for  all  conditions  throughout 
the  simulated  crash-ahead  and  crash-astern 
maneuvers.  For  all  conditions  at  which  there  is 
significant  variation  in  loading  with  blade 
angular  position  e the  maximum  and  minimum  values 
occur  near  e=90  degrees  or  e=270  degrees.  This 
suggests  that  the  variation  in  loading  with  blade 
angular  position  is  produced  primarily  by  the 
circumferential  variation  of  the  tangential 
velocity  in  the  propeller  plane  (see  Figures  9 and 
10).  For  the  crash-ahead  simulation,  in  which 
pitch  P is  constant  throughout,  the  angular 
variation  of  each  loading  component  retains 
basically  the  same  shape  independent  of  speed  and 
advance  coefficient.  By  contrast,  for  the  crash- 
astern  simulation,  in  which  P/D  changes  from  +1.06 
to  -0.67  for  the  different  simulated  conditions, 


the  circumferential  variation  of  each  loading  com- 
ponent changes  shape  substantially  with  the  dif- 
ferent simulated  combinations  of  speed,  advance 
coefficient,  and  pitch  ratio. 

For  both  crash-ahead  and  crash-astern  simulations, 
there  is  a dramatic  reduction  in  the  circumferent- 
ial variation  of  all  measured  loading  components 
with  decreasing  speed  V and  decreasing  rotational 
speed  n.  Previous  data  have  shown  that  for  a 
given  propeller  in  a given  flow  field  the  cir- 
cumferential variation  in  the  loading  varies 
approximately  as  the  product  of  ship  speed  V and 
rotational  speed  n;  see  Wereldsma(21 ).  Figure  22 
presents  some  "typical"  results  in  a form  which 
allows  evalution  of  how  closely  measured  unsteady 
loading  varies  with  nV.  The  ordinate  is  (Fx) l si n<j> 
which  is  the  portion  of  the  first  harmonic  in 
phase  with  the  tangential  velocity.  This  measure 
of  the  unsteady  loading  was  selected  because  it 
may  be  positive  or  negative  depending  on  $.  The 
abscissa  is  nV  sin  $0.7.  The  term  sin  $0.7  is 
intended  to  correct  for  the  difference  in 'pitch 
for  the  various  runs,  since  the  tangential  com- 
ponent of  the  first  harmonic  of  the  wake  (Vj)i  is 
the  primary  forcing  function,  and  the  component  of 
(Vt)  1 normal  to  the  blade  is  (VT)isin$0.7;  see 
Wereldsma(21 ) . 

The  data  shown  in  Figure  22  indicate  that  the  un- 
steady loading  (Fx)isin<t>  is  approximately  pro- 
portional to  nV  sin  $0.7-  The  results  for  the 
crash-ahead  simulation’,  with  P/D=l . 39 , are  con- 
sistently somewhat  higher  than  those  for  the  crash- 
astern  simulation,  and  follow  a linear  variation 
with  n V sin  $0.7  somewhat  more  closely  than  the 
results  for  the  crash-astern  simulation. 

The  reason  for  the  systematic  difference  between 
the  crash-ahead  data  and  crash-astern  data  in 
Figure  22  is  not  clear;  however,  it  may  result 
from  one  or  more  of  the  following: 

(1)  the  difference  in  the  time-average  loading 
between  the  crash-ahead  and  crash-astern  condi- 
tions. Thrust  loading  coefficient  CVh  is  a 
measure  of  this  time-average  loading.  For  crash- 
ahead  simulation  the  algebraic  value  of  Ujh  is 
much  larger  than  it  is  for  crash-astern.  This 
tends  to  increase  the  axial  induced  velocities 
and  increase  the  spacing  of  the  downstream 
vortex  sheets  for  a given  value  of  nV  sin  4>0.7. 

This  would  tend  to  reduce  the  influence  of  the 
shed  vorticity  and  thereby  increase  the  net 
unsteady  loading. 

(2)  The  effect  of  the  action  of  the  propeller  on 
the  wake  pattern  in  the  propeller  disc.  During 
a portion  of  the  crash-astern  maneuver  the  pro- 
peller generates  negative  thrust  so  that  the  time- 
average  induced-velocity  is  upstream.  This  may 
interact  with  the  flow  over  the  hull  and  thereby 
influence  the  circumferential  mean  and  circum- 
ferential variation  of  the  flow  pattern.  As  dis- 
cussed previously  the  time  average  loading  in- 
dicates that  1-wj  and  1-wq  vary  substantially  over 
the  simulated  crash-ahead  and  crash-astern 
maneuvers  (see  Figure  21).  However,  using  V (1  -w-q) 
rather  than  V as  the  reference  velocity  in 
Figure  22  would  not  substantially  change  the 
trends  shown. 

(3)  Failure  of  the  factor  sin  4>o.7  To  properly 
account  for  the  difference  in  propeller  pitch  over 
the  range  of  (P/D)0>7  from  +1.39  to  -0.67.  As 
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nominal  pitch  is  changed  over  this  range,  the 
radial  distribution  of  pitch  changes  dramatically. 

(4)  Experimental  accuracy.  For  nV  sin  4>o  7<2.0M/ 
sec2  the  measured  unsteady  loading  is  quite  small; 
therefore,  these  results  are  not  nearly  as  accurate 
as  the  results  for  higher  values  of  nV  sin  $0,7. 

The  trends  shown  in  Figure  22  for  (Fx)i  are  typical 
of  the  trends  of  all  measured  loading  components 
when  plotted  versus  nV  times  the  appropriate 
function  of  pitch  as  presented  by  Wereldsma(21 ) . 
Even  though  there  is  some  scatter,  the  data  follow 
the  nV  law  quite  well  considering  the  wide  range 
of  advance  coefficient  J and  pitch  ratio  P/D 
covered  by  these  data. 

Figure  23  presents  the  variation  of  the  time 
average  values  per  revolution  and  peak  values  of 
Fx  for  both  the  quasi-steady  simulated  crash-ahead 
(V=t\=P=0)  and  the  unsteady  simulated  crash-ahead 
({'>0,  n=P=0).  Figure  24  presents  simular  data  for 
quasi-steady  and  unsteady  simulated  crash-astern 
runs.  The  difference  in  experimental  results 
between  the  two  types  of  crash  ahead  and  crash 
astern  simulations  shown  for  Fx  are  typical  of  the 
differences  for  all  measured  loading  components. 

The  variation  in  the  measured  loading  components 
between  the  quasi-steady  simulated  crash-ahead  and 
the  unsteady  simulated  crash-ahead  is  not  large. 
Except  for  spindle  torque,  the  largest  variation 
between  the  results  from  two  types  of  simulation 
expressed  on  a decimal  fraction  of  the  correspon- 
ding time-average  value  at  the  self-propulsion 
point  are  0.05  for  the  peak  values  and  0.03  for 
the  time-average  value  per  revolution.  For  most 
cases  the  variation  is  much  smaller  than  these 
largest  variations.  The  variation  in  the  results 
between  the  two  types  of  simulation  appears  to  be 
almost  random.  This  suggests  that  these  devia- 
tions are  some  measure  of  the  experimental 
accuracy,  and  do  not  represent  any  systematic 
trends  arising  from  the  difference  in  between 
the  two  types  of  simulation. 

For  the  crash-astern,  the  variation  in  loads 
between  the  quasi-steady  simulation  and  the  un- 
steady simulation  is  not  great  but  is  somewhat 
larger  than  the  variation  for  the  crash-ahead 
simulations.  Except  for  spindle  torque,  the 
largest  variation  between  the  results  for  the  two 
types  of  simulation  is  approximately  0.20  times  the 
time-average  steady-ahead  value  for  the  peak  load 
and  0.15  times  the  time-average  steady-ahead  value 
for  the  mean  load.  For  most  cases  the  variation 
is  much  smaller  than  these  largest  variations. 

The  magnitude  of  most  loading  components  is 
larger  for  the  unsteady  simulation  for  time 

t >_1 3 . 6 sec  (V<1.67M/sec) 

and  larger  for  the  quasi-steady  simulation  for 
t=9.05  sec  (V=2.57M/sec). 

For  the  quasi-steady  simulation,  data  were  recorded 
and  averaged  for  a minimum  of  200  propeller  revo- 
lutions, whereas  for  the  unsteady  runs  the  data 
presented  represents  an  average  of  only  three 
revolutions  for  crash-ahead  simulation  and  five 
revolutions  for  crash-astern  simulation.  Further, 
the  steady  experimental  conditions  which  were  set 
during  the  quasi-steady  simulation  allow  the 
values  of  V and  n to  be  controlled  more  precisely 
than  during  the  unsteady  runs;  however,  the 
average  of  the  three  to  five  values  of  V and  n 


during  the  unsteady  runs  for  which  data  are 
presented  is  generally  within  one  percent  of  the 
target  values. 

Therefore,  for  crash-astern  the  differences 
between  the  results  for  the  quasi -steady 
simulation  and  the  unsteady  simulation  is  signifi- 
cantly greater  than  the  errors  arising  from 
inaccuracies  in  setting  the  experimental  results. 

It  is  concluded  that  there  is  a small  influence 
of  tf  on  the  measured  loads  at  a given  combination 
of  V,  n,  and  P.  However,  this  difference  does 
not  affect  the  peak  loads  that  occur  during  a 
crash-astern  maneuver. 

CORRELATION  WITH  FULL  SCALE  DATA  AND  THEORY 

For  operation  near  the  self  propulsion  point  (con- 
dition 1 in  Table  3)  correlation  was  made  between 
the  model  experimental  results  obtained  in  the 
present  investigation,  bending  moments  deduced 
from  strains  measured  on  the  corresponding  full 
scale  propeller,  and  analytical  calculations. 

From  the  experimental  values  of  Fx,  Fy,  Mx,  and  My, 
the  bending  moment  can  be  calculated  about  any 
radial  station  r<rh  and  about  any  axis  normal  to 
the  radial  direction.  However,  for  calculating 
bending  moments  about  r0>rh  an  adjustment  must  be 
made  for  the  contribution  of  the  loading  in  the 
region  r0>r>rh-  In  calculating  the  bending  moment 
about  the  0.4  radius,  M0  4,  from  experimental 
values  of  Fx,  Fy,  Mx,  an3  My,  it  was  estimated 
that  for  all  harmonics  including  the  time-average 
values  3 percent  of  Mx  and  My  was  contributed  by 
the  loading  in  the  region  0.4R>r>rh. 

The  full  scale  strains  used  for  correlation  were 
measured*  at  the  mid-chord  position  of  the  40  per- 
cent radius  on  the  face  of  the  propeller  under 
steady  ahead  operation.  The  full  scale  operating 
condition  corresponds  approximately,  but  not 
precisely,  to  the  Froude  scaled  steady  ahead  con- 
dition on  the  model  (condition  1 in  Table  3). 

The  correlation  is  based  on  the  bending  moment 
vector  parallel  to  the  nose-tail  line  at  the  40 
percent  radius  at  conditions  corresponding  to 
condition  1 in  Table  3.  For  the  trial  data, 
radial  stresses  are  deducted  from  strains  using 
the  appropriate  values  of  Young's  Modulus  and 
Poisson's  Ratio.  The  bending  moment  vector 
parallel  to  the  nose-tail  line  is  deduced  from 
the  stress  assuming  the  blade  behaves  structural- 
ly as  a cantileverbeam. 

The  time-average  bending  moment  deduced  from  the 
full-scale  data  was  corrected  for  the  difference 
between  the  scaled  thrust  and  torque  measured 
during  the  full-scale  trial  and  the  thrust  and 
torque  measured  on  the  model.  With  this  correction, 
the  time-average  bending  moment  determined  from 
the  full-scale  data  is  1.02  times  the  value 
determined  from  the  model  experiment. 

The  unsteady  bending  moment  determined  from  the 
full-scale  data  was  adjusted  to  the  model  con- 
ditions using  the  following: 

^MES=  ) t ^MnM°M^/,^SnSpS^ 

*The  full-scale  measurements  were  conducted  by 
C.J.  Noonan  and  G.P.  Antonides  of  DTNSRDC. 
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where  subscript  M refers  to  model  values,  sub- 
script S refers  to  ship  values,  Mmes  is  the 
equivalent  bending  moment  at  the  model  conditions 
as  deduced  from  the  ship  data,  and  \ is  the 
linear  scale  ratio,  Ls/Lm*  This  adjustment 
assumes  that  the  unsteady  loading  varies  linearly 
with  nV;  see  Wereldsma(21 ) . Since  the  ship  con- 
ditions are  near  the  Froude  scaled  model  con- 
ditions this  adjustment  is  small  except  for  the 
factor  x\ 

Figures  25  and  26  present  the  variation  with  blade 
angular  position  and  the  first  ten  harmonics, 
respectively,  of  M0>4  from  the  model  data  and  from 
the  full  scale  ship" data.  All  data  are  nondimen- 
sionalized  on  the  same  quantity;  i.e. , the  time 
average  bending  moment  determined  from  the  model 
experiments.  This  comparison  indicates  that  for 
peak  to  peak  values  and  for  the  first  harmonic 
the  experimental  results  obtained  from  the  model 
and  from  full  scale  ship  agree  reasonably  well 
with  one  another. 

Theoretical  calculations  were  made  using  the 
method  of  Tsakonas  et  al  (14)  which  is  based  on  un- 
steady lifting  surface  theory;  and  using  the 
method  of  McCarthy (15)  which  is  a quasi -steady 
technique  utilizing  the  open-water  characteristics 
of  the  propeller.  These  calculations  were  made 
for  condition  1 in  Table  3 using  the  wake 
measured  in  the  plane  of  the  propeller  both  with 
and  without  the  downstream  dynamometer  boat  in 
place  (Figures  9 and  10).  The  difference  in  the 
calculated  results  with  and  without  the  dynamo- 
meter boat  is  a measure  of  the  effect  of  the 
dynamometer  boat  on  the  circumferential  variation 
of  the  unsteady  loads. 

For  the  method  of  Tsakonas,  et  al , calculations 
were  conducted  for  the  first  ten  harmonics  of  the 
wake.  These  calculations  were  made  using  the  com- 
puter program  developed  at  Davidson  Laboratory 
including  refinements  made  in  December  1975.  The 
"normal"  components  of  wake  harmonics  as  required 
by  this  method  were  defined  as  the  wake  harmonics 
normal  to  the  chord  line  of  the  blade  section  at 
the  local  radius  rather  than  normal  to  the 
advance  angle  at  the  local  radius  as  recommended 
by  Tsakonas,  et  al (22 ) . With  the  wake  harmonics 
resolved  normal  to  the  blade  chord,  this  method 
apparently  considers  both  the  unsteady  flow 
parallel  to  the  resultant  inflow  and  the  unsteady 
flow  normal  to  the  resultant  inflow. 

The  quasi-steady  calculations  are  based  on  the 
circumferential  variation  of  the  wakes  measured  at 
the  0.71  radial  station,  except  the  narrow 
velocity  defects  behind  the  struts  at  approximate- 
ly 9w=25  degrees  and  ew=335  degrees  are  not  con- 
sidered. Since  these  defects  are  narrow  relative 
to  the  blade  width,  It  is  judged  that  these 
should  have  only  slight  influence  on  the  circum- 
ferential variation  of  blade  loading.  It  is 
assumed  that  the  radial  centers  of  the  unsteady 
thrust  and  tangential  force  are  the  same  as  the 
radial  centers  of  the  respective  mean  values. 

Figures  26  through  28  present  the  variation  with 
blade  angular  position  and  the  first  ten 
harmonics  of  M0>4  from  the  model  experiment  and 
analytical  calculations.  All  data  are  nondimen- 
sionalized  on  the  same  quantity;  i.e.,  the  time 
average  bending  moment  determined  from  the  model 
experiments.  This  comparison  indicates  that  the 
experimental  results  are  considerably  higher  than 
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the  calculated  results.  For  other  components  of 
blade  loading,  Fx,  Fy,  Mx,  and  My,  the  circum- 
ferential variation  in  the  model  experimental 
results  is  larger  than  the  values  calculated  by 
the  two  indicated  procedures  by  approximately  the 
same  ratio  as  shown  for  M0>4.  These  comparisons 
are  not  shown. 

The  reason  for  the  large  discrepancy  between  the 
experimental  results  and  the  calculated  results  is 
not  clear.  Some  possibilities  are  as  follows: 

(1)  Interaction  between  the  propeller  and  the  hull 
may  increase  the  circumferential  nonuniformity  of 
the  flow  into  the  propeller  from  the  values  measured 
without  the  propeller  in  place.  (Both  sets  of  cal- 
culations are  based  on  the  wake  measured  in  the 
plane  of  the  propeller  with  the  propeller  removed.) 
The  experimental  data  show  that  the  maximum  and 
minimum  loading  occurs  near  9=90  degrees  and  near 
9=270  degrees.  This  implies  that  the  dominant 
influence  of  the  wake  is  the  tangential  velocity. 
Therefore,  if  the  effect  of  the  propeller  on  the  ’ 
wake  pattern  is  the  reason  for  the  large  discrep- 
ancy between  theory  and  experiment,  the  propeller 
must  increase  the  upsweep  angle  between  the  flow 
and  the  propeller  shaft  from  approximately  10 
degrees  without  the  propeller  to  approximately  20 
degrees  with  the  propeller. 

(2)  Other  interactions  between  the  propeller  and 
the  nearby  surfaces  which  are  not  considered  in 
the  calculations  based  on  the  measured  wake  dis- 
tribution. 

(3)  Inaccuracies  in  the  measured  wake.  This  is 
unlikely  since  the  tangential  component  of  the 
wake  indicates  that  the  flow  is  approximately 
parallel  to  the  stern. 

(4)  Error  in  the  experimental  results.  This 
appears  unlikely  since  the  model  experiments  and 
full  scale^xperiments,  which  were  conducted 
entirely  independently,  are  in  reasonably  good 
agreement. 

(5)  'lnaccuracies  in  .theoretical  results.  The 
unsteady  lifting  surface  procedure  of  Tsakonas, 
et  al (14)  is  based  on  linearized  theory  which 
considers  the  harmonic  content  of  the  longitud- 
inal and  tangential  components  of  the  wake.  It 
is  possible  that  nonlinear  effects  or  the  signif- 
icant radial  component  of  the  wake  may  influence 
the  circumferential  variation  of  the  loading.  In 
addition,  there  may  be  inaccuracies  in  the 
numerical  evaluation  of  the  theory.  The  quasi- 
steady procedure  of  McCarthy(15)  is  exceedingly 
simple  and  should  give  reasonable  results, 
especially  for  the  first  harmonic  which  has  a low 
reduced  frequency.  However,  this  method  does  not 
consider  any  possible  effects  of  the  circumferen- 
tial variation  of  the  radial  component  of  inflow 
velocity. 

SUMMARY  AND  CONCLUSIONS 

Experiments  were  described  in  which  the  mean  and 
unsteady  loads  were  measured  on  a single  blade  of 
a model  controllable-pitch  propeller.  The  experi- 
ments were  conducted  behind  a model  hull  under 
steady  ahead  operation,  hull  pitching  motions, 
simulated  crash  ahead  maneuvers,  and  simulated 
crash  astern  maneuvers.  The  experimental 
techniques  were  described  including  a description 
of  the  dynamometer  and  data  analysis  system. 
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The  results  are  summarized  as  follows: 

(1)  The  circumferential  variation  of  all  measured 
components  of  blade  loading  is  primarily  a first 
harmonic,  with  maximum  and  minimum  values  occur- 
ring near  the  blade  angular  position  at  which  the 
blade  spindle  axis  is  horizontal. 

(2)  For  steady  ahead: 

(a)  For  measured  forces  and  bending  moments 
the  maximum  values  are  up  to  approximately  1.38 
the  time-average  values  and  the  peak  to  peak  cir- 
cumferential variations  are  up  to  approximately 
0.80  the  time-average  values. 

(b)  For  circumferential  variation  of  bending 
moments  about  the  nose-tail  line  of  the  0.4  radius, 
the  model  experimental  results  agree  fairly  well 
with  loads  deduced  from  strain  measurements  on 

the  full  scale  propeller,  but  are  larger  than 
theoretically  calculated  values. 

(3)  For  simulated  hull  pitch  (maximum  pitch  angle 
is  2 degrees). 

(a)  The  maximum  value  of  measured  forces  and 
bending  moments  increase  over  the  corresponding 
values  without  hull  pitch  by  4 percent  for  quasi- 
steady simulation  and  by  20  percent  for  unsteady 
simulation  with  pitching  frequency  equal  to  0.8Hz. 

(b)  The  peak  to  peak  circumferential  variation 
of  the  measured  forces  and  bending  moments 
increase  over  the  corresponding  values  without 
hull  pitch  by  approximately  5 percent  for  quasi- 
steady  simulation  and  by  50  percent  or  more  for 
unsteady  simulation  with  pitching  frequency  equal 
to  0.8Hz.  Therefore,  any  quasi-steady  simulation 
of  ship  motions  is  completely  inadequate  for  esti- 
mating the  effect  of  ship  motions  on  unsteady 
propeller  blade  loading. 

(4)  For  simulated  crash  forward: 

(a)  The  dominant  first  harmonic  of  the 
measured  forces  and  bending  moments  varies  in  a 
nearly  linear  manner  with  the  product  of  ship 
speed  and  propeller  rotational  speed. 

(b)  The  acceleration  of  the  hull  does  rot  have 
a significant  effect  on  the  measured  loads.  There- 
fore, propeller  blade  loading  during  a crash  ahead 
maneuver  can  be  adequately  estimated  by  quasi  - 
steady  experiments. 

(c)  The  maximum  time  average  values  of 
measured  forces  and  bending  moments  per  revolution 
during  the  simulated  crash  forward  maneuvers  are  in 
the  range  of  1.20  to  1.45  the  time-average  values 
at  the  self  propulsion  point. 

(d)  The  peak  values  of  measured  forces  and 
bending  moments  during  the  simulated  crash  forward 
meneuvers  are  in  the  range  of  1.35  to  1.60  the 
time-average  values  at  the  self  propulsion  point. 

(e)  The  Taylor  wake  fractions  deduced  from  the 
time-average  thrust  and  torque  per  revolution  vary 
substantially  from  the  values  at  the  self  pro- 
pulsion point. 

(5)  For  simulated  crash  astern: 

(a)  The  first  harmonic  of  the  measured  forces 
and  bending  moments  varies  approximately  linearly 


with  the  product  of  ship  speed  and  propeller  ro- 
tational speed,  and  is  a function  of  propeller 
pitch. 

(b)  The  deceleration  of  the  hull  alters  the 
peak  value  of  a given  component  of  loadlna  at 

a given  condition  by  up  to  20  percent  of  the  time- 
average  value  at  the  self  propulsion  point;  how- 
ever', this  does  not  alter  the  peak  load  occurring 
at  any  time  during  the  simulated  crash  astern 
maneuver.  Therefore,  propeller  blade  loading 
during  a crash  astern  maneuver  can  be  adequately 
estimated  by  quasi-steady  experiments. 

(c)  The  largest  time-average  loads  per  revo- 
lution and  the  peak  loads  including  circumferen- 
tial variation  occur  at  the  initiation  of  the 
simulated  crash  astern  maneuver;  i.e.,  loads 
during  the  crash  astern  maneuver  did  not  exceed 
the  loads  at  the  self-propulsion  point. 

(d)  The  Taylor  wake  fractions  deduced  from  the 
time-average  thrust  and  torque  per  revolution  vary 
substantially  from  the  values  at  the  self  propul- 
sion point. 
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TABLE  1 

Characteristics  of  Model  Propeller 
Diameter,  D:  0.2343  meters 
Rotation:  Right  Hand 
Number  of  Blades,  Z:  5 
Expanded  Area  Ratio,  AE/AQ:  0.83 
Section  Meanline:  NACA  65 

Section  Thickness  Distribution:  NACA  16  (Modified) 
Design  Advance  Coefficient,  J:  0.767 
Design  Advance  Angle,  B*:  19.23  degrees 

Design  Thrust  Loading  Coefficient,  Cj^:  0.706 


r/R 

c/D 

P/D 

S/D* 

es 

zr/d 

t/D 

Vc 

0.30 

0.1853 

1.008 

0.0185 

4.826 

0 

0.0437 

0.0243 

0.40 

0.2482 

1.044 

0.0248 

5.465 

0 

0.0328 

0.0302 

0.50 

0.3111 

1.067 

0.0311 

5.896 

0 

0.0250 

0.0280 

0.60 

0.3740 

1.072 

0.0374 

6.209 

0 

0.0187 

0.0240 

0.70 

0.4369 

1.061 

0.0437 

6.443 

0 

0.0131 

0.0191 

0.80 

0.4760 

1.025 

0.0476 

6.313 

0 

0.0089 

0.0140 

0.90 

0.4600 

0.964 

0.0460 

5.544 

0 

0.0061 

0.0082 

0.95 

0.4587 

0.922 

0.0459 

4.750 

0 

0.0051 

0.0042 

1.00 

0.3400 

0.878 

0.0340 

2.272 

0 

0.0040 

0.0000 

♦Measured  from  the  propeller  reference  line,  which  coincides  with 
the  spindle  axis,  to  the  section  mid-chord  position. 
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TABLE  2 

Calibration  Matrix 


Calibration  Matrix  = [C.*  .]  = 
■ 


0.0652 

0.0017 

-0.0003 

-0.0025 

0.0680 

-0.0001 

0.0002 

0.0018 

0.0203 

0.0005 

0.0009 

0.0004 

-0.0018 

-0.0026 

0.0013 

-0.0002 

0.0002 

0.0000 

0.0292 

-0.0531 

-0.0212 

0.0398 

0.0434 

0.0363 

0.0319 

-0.0027 

-0.3363 

1.6853 

-0.0080 

0.0920 

0.0460 

1.6605 

0.0478 

0.0035 

0.0035 

1.1666 

where 


1 

-n 

X 

M 

1 

Fx 

XA 

FyA 

F‘, 

\ 

\ 

M 

XA 

B'i 

MyA 

% 

— _ 

[Ci.j] 


Fv  , F , F are  indicated  forces  In  volts. 
XI  yI  ZI 

My  . M , M are  indicated  moments  in  volts. 
XI  yI  ZI 

Fy  , F , F are  applied  forces  in  Newtons. 
XA  yA  ZA 

» M , M are  applied  moments  in  Newton - 
A yA  A meters. 

C-  j for  j=1,2,3  are  in  volts/Newton. 

■ fJ 

C1»j  for  are  vo Its /Newton -meters. 
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TABLE  3 

Experimental  Conditions 


Condi  - 


tion 

No. 

V 

(M/sec) 

n 

(rev/sec) 

JV 

P/D 

( Ur  ij  ) 

' r VCW; 

deqrees 

V 

(M/sec2) 

Self  Propulsion 

1 

3.33 

17.65 

0.80 

1.06 

0 

0 

Quasi -steady  Hull 

2 

3.33 

17.65 

0.80 

1.06 

-2 

0 

Pitch 

3 

3.33 

17.65 

0.80 

1.06 

-1 

0 

4 

3.33 

17.65 

0.80 

1.06 

+1 

0 

5 

3.33 

17.65 

0.80 

1.06 

+2 

0 

Unsteady  Hull 

Pitch 

6 

3.33 

17.65 

0.80 

1.06 

variable - 

0 

Quasi -steady  Crash 

7 

0.33 

6.26 

0.22 

1.39 

0 

0 

Forward 

8 

0.81 

9.35 

0.37 

1.39 

0 

0 

9 

1.46 

11.19 

0.56 

1.39 

0 

0 

10 

2.26 

12.07 

0.80 

1.39 

0 

0 

11 

3.10 

13.40 

0.99 

1.39 

0 

0 

Unsteady  Crash 

12 

0.331 

6.26 

0.22 

1.39 

0 

+0 . 1 9 1 

Forward 

13 

0.81 1 

9.35 

0.37 

1.39 

0 

+0.231 

14 

1 . 46 1 

11.19 

0.56 

1 .39 

0 

+0.331 

15 

2 . 26 1 

12.07 

0.80 

1.39 

0 

+0.331 

16 

3.101 

13.40 

0.99 

1.39 

0 

+0.01 1 

Quasi-steady  Crash 

17 

3.33 

17.65 

0.80 

1.06 

0 

0 

Astern 

18 

2.57 

17.43 

0.63 

0.61 

0 

0 

IS 

1.67 

16.59 

0.43 

0.14 

0 

0 

20 

0.74 

6.77 

0.46 

-0.67 

C 

0 

21 

0.17 

7.64 

0.10 

-0.67 

0 

0 

Unsteady  Crash 

22 

3 . 33 1 

17.65 

0.80 

1.06 

0 

o.oo1 

Astern 

23 

2.571 

17.43 

0.63 

0.61 

0 

-0.321 

24 

1.671 

16.59 

0.43 

0.14 

0 

-0.431 

25 

0.741 

6.77 

0.46 

-0.67 

0 

-0.321 

26 

0 . 1 7 1 

7.64 

0.10 

-0.67 

0 

-0.181 

Varies  with  time  (Figure  6),  value  shown  is  at  time  of  interest. 
2Sinusoidal  with  amplitude  equal  to  2.0  degrees,  frequency  equal  to  0.8Hz. 
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TABLE  4 

TIME  AVERAGE  LOADS  FOR  STEADY  AHEAD  OPERATION  NEAR 
THE  SELF-PROPULSION  POINT 

V =3.33  M/sec 
n =17.65  rev/sec 
Jv  = 0.80 
P/D  = 1.06 


= 0.0321 

Fx  = 30.0  N 

% 

= 0.0213 

Fy  = 19.9  N 

=-0.0059 

Wx  =-1.29  N-m 

\ 

= 0.0118 

= 2.59  N-m 

=-0.0006 

=-0.13  N-m 

\ 

= 0.0069 

Mh  =1.51  N-m 

= 0.0050 

FT0  4=  1.10  N-m 

Fig.  3a:  Overall  view 


Fig.  3: 


Hull  and  dynamometer  boat 
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Fig.  3b:  Closeup  of  propeller 
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Fig.  6: 
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WITHOUT  DYNAMOMETER  BOAT 

WITH  DYNAMOMETER  BOAT 


POSITION  ANGLE,  8 (DEG) 


a:  51  percent  radius 


WITHOUT  DYNAMOMETER  BOAT 
WITH  DYNAMOMETER  BOAT 


POSITION  ANGLE,  8 (DEG) 


Fig.  9b:  71  percent  radius 


WITHOUT  DYNAMOMETER  BOAT 
WITH  DYNAMOMETER  BOAT 


135  180  225  770  315  380  0 

45  90  135  180  225  270 

315  360 

POSITION  ANGLE.  Bm  (DEG) 

POSITION  ANGLE,  (DEG) 

Ic:  91  percent  radius 

Fig.  9d:  108  percent  radius 

Fig.  9:  Circumferential  distribution 
propeller  disc 

of  wake  in 
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□ WITHOUT  DYNAMOMETER  BOAT 
S WITH  DYNAMOMETER  BOAT 


VT(«)  “ (VT>n  sin  < 


0.05 


0 


-0.05 


-0.10 


Qb Ha  r*m 


r/R  = 0.71 

WITHOUT  DYNAMOMETER  BOAT 
WITH  DYNAMOMETER  BOAT 


N 

'Jj(ll)  - XT  (VT>„  *>"  <"0> 


Fig.  10a:  51  percent  radius 


Fig.  10b:  71  percent  radius 


TT 


-T"  -« — 


□ WITHOUT  DYNAMOMETER  BOAT 
S WITH  DYNAMOMETER  BOAT 


VTWI-E'VT'„«n'n»» 


Fig.  10c:  91  percent  radius  Fig.  lOd:  108  percent  radius 

Fig.  10:  Harmonic  amplitudes  of  wake  velocities 
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ANGULAR  POSITION,  n IOEGI 


Fig.  12:  Sample  experimental  data  showing  influ- 
ence of  extraneous  signals  on  measured 
loads 


HARMONIC  NUMBER,  n 


Fig.  13:  Sample  experimental  data  showing 
extraneous  higher  harmonics 


ANGULAR  POSITION.  » (DEG) 

Fig.  14:  Variation  of  experimental  loads  with 
angular  position  for  steady  ahead  opera- 
tion 
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V(M/mc)  n(r«v/»*c ) (P/D)07 

0 33  6 26  1 39 

0.81  9 36  1 39 

146  11.19  139 

2.26  12.07  1 39 

3.10  13  40  1 39 


/ 


ANGULAR  POSITION,  if  (OIGl 

Fig.  17a:  F, 


46  90  135  180  226  270  315 

ANGULAR  POSITION.  0 (DEG) 


Fig.  17b:  F 


ANGULAR  POSITION.  « (OEGI 


Fig.  17c:  M. 


136  180  225  270  315 

ANGULAR  POSITION.  « (OEGI 


Fig.  17d:  Mv 


136  180  226  2 70  315 

ANGULAR  POSITION.  » (OEGI 


136  180  276  270 

ANGULAR  POSITION.  " (OEGI 


Fig.  1 7e  : Mh 


Fig  17f  M, 


Fig.  17:  Variation  of  loads  with  angular  position 
for  quasi-steady  crash  ahead 
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Fig.  19a:  Fx 


Fig.  19b:  Fv 


0 45  90  136  180  225  270  315  380 

ANGULAR  POSITION.  " (OEGI 


& 


ANGULAR  POSITION.  0 (DEG) 


Fig.  19c:  M„ 


Fig.  19d:  Mv 


0 46  90  136  180  225  270  315  360 

ANGULAR  POSITION,  » (DEG) 


Fig.  19e:  Mh 


Fig.  19f:  Mt 


Fig.  19:  Variation  of  loads  with  angular  position 
for  quasi -steady  crash  astern 
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Fig.  21a:  Crash  ahead 


Fig.  21b:  Crash  astern 


Fig.  21 : Taylor  wake  fraction  during  simulated 
crash  ahead  and  crash  astern  maneuvers 
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Fig.  22:  Variation  of  (F, ),  sin  0/  FxSP  with  nV  sin 
<J>  for  quasi-steady  crash  ahead  and  crash 
astern 


J,  - 0.22 
V - 0.33  M/iac 


J,  - 0 37 
V * 0.B1  M/mjc 


J,  - 0.50 
V-  1 46M/*ec 


J,  * 0.80 
V - 2.26  M/mc 


J,  - 0 99 
V 1 3. 10  M/sec 


Fig.  23:  Comparison  of  time  average  values  per 
revolution  and  peak  values  of  F,  for 
quasi-steady  and  unsteady  simulated 
crash  ahead 


Fig.  24:  Comparison  of  time  average  values  per 
revolution  and  peak  values  of  F„  for 
quasi-steady  and  unsteady  simulated 
crash  astern 


BLADE  ANGULAR  POSITION.  (DEG) 

Fig.  25:  Variation  of  bending  moment  at  40  percent 
radius  with  blade  angular  position,  com- 
parison of  model  data  and  full  scale  data 
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Fig.  26a:  Amplitudes 


Fig.  26b:  Phases 


Fig.  26:  Harmonic  content  of  bending  moment  at 
40  percent  radius — comparison  of  model 
data,  full  scale  data  and  theory 


BLADE  ANGULAR  POSITION,  e (DEG)  BLADE  ANGULAR  POSITION.  0 (DEG) 


Fig.  27:  Variationof  bending  moment  at  40  percent  Fig.  28:  Variation  of  bending  moment  at  40 percent 
radius  with  blade  angular  position — -com-  radius  with  blade  angular  position — theo- 

parison  of  model  data  with  theory  retical  prediction  with  and  without  down- 

stream body 


Discussion  on  Paper  by  Stfntvedt  and  Frivold 


A.Y.  ODABASI 

I would  like  to  commence  by  congratulating  the 
authors  for  presenting  to  us  the  results  of  their 
valuable  full-scale  measurements  on  eavitating 
propellers.  Further  information  on  these 
experiments  will,  no  doubt,  receive  a warm 
welcome  from  everyone  working  in  this  field. 

My  comments  on  the  paper  will  be  concerned  with 
the  method  of  analysis  presented  in  the  Appendix 
of  the  paper  and  with  some  of  the  interpretations 
concerning  the  effects  of  a water-cavitation 
bubble  mixture. 

Firstly,  since  the  method  used  (Ref  10)  is  a 
linear  treatment  and  since  the  velocity  potent- 
ial satisfies  Laplace's  equation,  to  obtain 
pressures  with  the  twice  blade-rate  frequency 
the  input,  i.e.  the  incident  flow  and/or  the 
rate  of  change  of  the  cavity  thickness,  must 
have  the  same  frequency.  In  the  latter  case  the 
thickness  r(x,t)  must  have  an  expression 

t(x,t)  = t^(x)  + Tg(x)  (7) 

where  cu  is  the  blade-rate  frequency.  However, 
it  is  a known  fact  that  both  the  thickness 
variation  and  the  cavity  pulsation  period 
heavily  depend  on  the  wake  flow  structure  and 
consequently  it  will  be  quite  restrictive  to 
assume  that  the  thickness  variation  has  the 
expression  given  by  equation  (7).  If  the 
twice  blade-rate  component  of  pressure  is 
obtained  independently  of  the  input  information 
the  method  will  be  violating  the  basic 
principles  of  field  theory  and  the  asymptotic 
paradox  (Ref. 11). 


Finally , the  water-bubble  mixture  trailing  the 
cavity  forms  the  wake  of  the  eavitating  blade  and 
behaves  quite  differently  compared  with  a single 
bubble.  Firstly,  the  water-bubble  mixture  trans- 
mits the  pressure  waves,  rather  than  creating 
them,  hence  their  pulsation  is  an  effect  rather 
than  a cause,  and  secondly,  in  a water-bubble 
mixture,  different  from  a single  bubble,  the 
pressure  waves  decay  exponentially  with  time  and 
are  propagated  with  variable  velocity  (Ref. lit). 
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Another  important  feature  is  the  definition  of 
the  cavity.  In  the  paper  only  a part  of  the 
cavity,  that  part  on  the  blade,  is  defined  as 
the  cavity  and  the  entire  calculations  are 
based  on  this  assumption,  whilst  both  the 
demonstration  film  and  Figures  2 and  1*  indicate 


that  the  cavity  extends  beyond  the  propeller 
blade.  Since  the  ratio  Vmax/Vmin  plays  an 
important  role  in  the  pressure  waves  created 
by  the  pulsations  of  a cavity  (Ref. 12),  sup- 
pression of  the  additional  cavity  volume  may 
have  a strong  influence  on  the  computed  results 
(vmax  and  vipin  are>  respectively,  the  maximum 
and  the  minimum  volume  of  the  cavity). 

Although  the  authors  attempt  to  include  this 
effect  by  means  of  an  additional  pulsating 
bubble,  this  may  add  further  complexity,  because 
in  theory , a pulsating  bubble  in  an  incompres- 
sible fluid  produces  unrealistic  extremely  high 
pressures  (Ref. 13). 


Authors’  Reply 


We  will  first  thank  those  who  contributed  to 
the  informal  discussion  and  the  written  contri- 
bution of  Dr.  Odabasi. 

Dr.  Odabasi' s questions  gives  us  the  oppor- 
tunity to  clarify  some  parts  of  the  numerical 
procedure  underlying  the  calculation  of  the 
pressure  impulses.  In  the  case  of  the  twin- 
screw  tanker  stereophotos  were  obtained  for  6 
different  bladepositions  with  blade  cavitation 
present  (18°,  25°,  36°,  1*2°,  62°,  68°).  The 
thicknesses  were  then  interpolated  by  cubic 
interpolation  to  every  6°.  The  equivalent 
source  strength  at  each  mesh  point  on  the  blade 
was  then  calculated  and  the  pressure  at  a field 
point  was  obtained  by  integration  and  summation 
(eq.  (It)  in  the  Appendix)  as  a function  of 
angular  position.  This  function  is  periodic 
in  time  and  the  period  is  the  angle  between  the 
blade  generatrices  divided  by  the  velocity  of 
rotation.  A simple  Fourier  analysis  of  this 
function  gives  us  the  components  of  first  and 
second  order  of  blade  frequency.  Thus,  per- 
forming sill  calculations  in  timespace,  no 
basic  principles  are  neglected. 

Concerning  the  definition  of  cavitation  extent 
and  amount  of  cavity  mixture  volume  included  in 
the  analyses,  the  volume  of  the  cavity-mixture 
is  defined  by  two  surfaces.  The  upper  one  is 
obtained  from  the  stereophotos  and  will  usually 
extend  outside  the  blade,  as  demonstrated  in 
fig.1*.  The  lower  surface  consists  of  the 
blade  surface  sind,  outside  this,  the  extra- 
polated blade  surface.  Where  tip  vortex 
cavitation  is  present  (as  in  fig.1*),  the  volume 
is  not  closed.  Observations  (both  model  and 
full  scale)  have  shown  that  the  tip  vortex 
becomes  stable  immediately  behind  the  trailing 
edge,  following  the  slipstream  passively. 

This  is  accounted  for  in  the  calculations  by 
truncating  the  tip  vortex  volume  at  a particu- 
lar section  well  behind  the  trailing  edge  where 
the  thickness  is  assumed  constant  (in  space). 

In  the  case  of  the  twin-screw  tanker  this 
distance  is  approximately  0.75  m.  The  passive 
tip  vortex  "elements"  (outside  truncation  limit), 
are  assumed  to  make  little  contribution  to  the 
pressure.  The  integration  area  S (in  the 
Appendix)  should  therefore  be  stated  as:  "the 
extent  of  cavitation  projected  to  the  extended 
blade  surface"  (truncated  as  said). 

The  cavity-mixture  volume  is  now  treated  as  a 
solid  volume  changing  with  time  and  the  pres- 
sure is  calculated  accordingly,  as  shown  in 
the  Appendix.  No  additional  pulsating  bubble 
exists  therefore  in  our  analysis. 
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Discussion  on  Paper  by  _C.-A.  Johnson 


P.A.  FITZSIMMONS 

I should  like  to  congratulate  the  authors  on 
presenting  a very  concise  account  of  their 
extensive  model  and  full-scale  cavitation 
experiments.  The  model/ship  comparisons, 
however,  appear  to  raise  more  questions  than 
they  answer,  and  point  to  a need  to  know  more 
about  the  differing  structures  of  ship  and  model 
wakes  and  blade  cavities. 

I should  like  to  ask  the  authors  whether  in 
setting  up  their  experiments  they  considered 
applying  a scale  correction  to  the  measured 
model  wake,  and  if  so  why  they  opted  for  the 
model  wake.  Part  of  the  B.S.R.A.  research 
effort  in  propeller  excited  vibration  has 
involved  extensive  cavitation  tunnel  tests  on  a 
single  screw,  container  ship  model  for  which 
scale  corrected  wakes  (fig. 26)  have  been 
simulated  both  at  the  National  Physical 
Laboratories  and  the  Ship  Research  Institute, 
Norway.  Pressure  records  (fig.  27)  from  these 
tests  (Refs  8,19)  show  that  only  the  N.P.L.  wake 
(which  was  a first  attempt  at  scale  correction) 
gives  agreement  with  the  blade  rate  and  twice 
blade  rate  components  of  pressure  measured  on  the 
ship. 

On  the  comparisons  between  ship  and  model 
cavity  extent  and  pressure  shown  in  figures  6 to 

II  I am  surprised  that  good  agreement  is  obtain- 
ed (even  for  blade  rate  pressure).  The  differ- 
ent character  and  extent  of  the  ship  and  model 
cavity  patterns  should  (considering  equation 

U (ref. 20))  result  in  different  pressures. 
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L.  NOORDZIJ 

We  want  to  congratulate  the  authors  with  this 
paper.  The  paper  covers  a considerable  part  of 
the  field  connected  with  difficult  problems 
such  as  propeller  induced  vibrations.  Some 
interesting  results  are  obtained  on  cavitation 
patterns  and  pressure  fluctuations.  The  way  in 
which  the  pressure  signals  are  processed  yields 
important  additional  information. 


In  this  discussion  we  like  to  focus  attention  to 
problems  related  with  gas  content  and  cavitation 
inception.  As  mentioned  by  the  authors,  the  gas 
content  can  play  a striking  role  in  cavitation 
inc  “ption  phenomena  and  consequently  in  the 
pressure  fluctuations  on  the  hull.  It  is  our 
opinion  that  mainly  the  free  or  undissolved  gas 
content  contributes  in  the  inception  phenomena. 
This  is  illustrated  by  a paper  of  Albrecht  and 
Bjorheden,  (Ref. 21).  In  this  paper  the  tremen- 
dous effect  of  air  nuclei  on  inception  and 
extension  of  cavitation,  in  particular  bubble 
cavitation,  is  shown.  However,  only  a few 
experimental  results  were  presented..  In  order  to 
proceed  in  finding  more  experimental  evidence  of 
the  effect  of  fr!e  stream  nuclei  on  type  and 
extent  of  propeller  cavitation  some  preliminary 
tests  are  conducted  in  the  NSMB  Depressurized 
Towing  Tank.  Towing  tests  with  two  ship  models, 
with  operating  propel1ers,  are  performed. 
Cavitation  patterns  art  observed  and  the  pressure 
on  the  hull  of  the  ship  models  is  registered. 
Details  of  these  tests  will  be  presented  in  a 
forthcoming  paper  by  Noordzij  (Ref  22).  It  is 
thought,  however,  that  it  would  be  interesting 
to  present  some  first  results  in  the  course  of 
this  discussion.  During  the  above  mentioned 
towing  tests  the  number  of  free  stream  nuclei 
(tiny  gas  bubbles)  in  the  propeller  plane  is 
varied.  The  additional  nuclei  are  created  by 
electrolysis  of  the  tankwater  in  front  of  the 
propeller  plane.  The  electrolysis  configuration 
is  fitted  on  the  hull  of  the  ship  model  (Ref. 22). 
For  two  conditions,  with  and  without  additional 
nuclei,  the  cavitation  pattern  on  the  propeller 
blades  was  registrated  for  a certain  blade 
position  at  different  instants  in  order  to  find 
out  about  the  effect  of  nuclei  on  inception.  It 
was  established  that  for  an  additional  amount  of 
nuclei,  the  cavitation  pattern  changed  consider- 
ably. The  cavitation  pattern  was  found  to 
become  periodic,  whereas  in  the  other  case  the 
pattern  was  aperiodic.  It  was  noticed  that 
without  additional  nuclei  the  extent  of  the  sheet 
cavities  varied  between  zero  and  a maximum  equal 
to  the  extent  as  found  in  the  situation  with 
additional  nuclei.  This  is  illustrated  in  figure 
28. 

In  figure  28  the  effect  of  additional  nuclei  is 
shown.  On  the  left  side  are  the  pictures  obtain- 
ed without  electrolysis,  on  the  right  the  pictures 
are  shown  for  the  situation  with  electrolysis. 
These  pictures  are  taken  with  a remote  controlled 
camera  in  the  ship  model.  For  each  situation  a 
sequence  of  photographs  is  shown.  As  mentioned, 
these  are  obtained  at  different  instants.  This 
was  done  to  emphasize  the  stabilizing  action  of 
nuclei.  It  is  clearly  shown  that  the  additional 
nuclei  make  the  inception  periodic  and  stabilize 
sheet  cavitation.  It  will  be  shown  by  Noordzij 
(Ref. 22)  that  electrolysis  also  stabilizes  tip 
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vortex  cavitation.  In  order  to  increase  insight 
into  this  inception  problem  the  number  of  nuclei 
must  be  determined.  Another  matter  of  invest- 
igation is  if  there  exists  a critical  number  of 
nuclei.  These  questions  must  be  answered  in 
order  to  find  out  if  the  situation  with  additio- 
nal nuclei  is  realistic  or  not.  In  this  respect 
we  like  to  repeat  the  statement  of  Acosta  given 
in  the  discussion  on  the  paper  of  Albrecht  and 
Bjorheden  (Ref.2l):  "This  bubble  seeding  method 
has  real  merit  when  the  (natural)  bubble 
distribution  of  the  prototype  flow  as  well  as 
that  of  the  laboratory  flow  is  known". 
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Authors 9 Reply 


First  we  want  to  thank  the  two  discussers  for 
their  contributions  which  both  illustrate  the 
difficulties  in  applying  experiences  from  one 
type  of  facility  to  another.  Both  discussers 
refer  to  important  factors  which  have  been 
investigated  also  in  our  laboratory.  In  both 
cases,  however,  our  experiences  do  not  agree 
with  those  of  the  discussers. 

L.  NOOHDZIJ 

Turning  first  to  Dr  Noordzij  he  describes  how 
the  stability  of  the  cavities  and  the  pressure 
fluctuations  was  improved  in  the  depressurized 
towing  tank  at  NSMB  when  introducing  arti- 
ficially produced  nuclei  ahead  of  the  propeller. 
Although  an  interesting  point,  it  has  to  be 
emphasised  that  these  problems  are  much  more 
pronounced  for  a free  surface  facility  than  for 
a closed  jet  tunnel  like  the  one  at  SSPA. 
Accordingly  the  instabilities  discussed  in  our 
pap  r are,  in  our  opinion,  mainly  due  to  time 
variations  in  local  velocity  and  static 
pressure,  as  is  explained  in  the  paper.  This 
opinion  is  based  on  the  following  observations: 

a)  From  recordings  of  pressure  fluctuations 
published  earlier  by  NSMB,  see  for  instance 
Ref. 10,  it  is  evident  that  the  instabilities 
occurring  in  the  depressurized  towing  tank 
result  in  amplitude  modulations  which  indicate 
that  nuclei  are  present  in  insufficiently  small 
numbers.  These  modulations  affect  all  harmonics 
including  that  of  blade  frequency.  In  our  case 
phase  angle  modulations  occur,  indicating 
variations  in  velocity,  as  mentioned  before. 
These  modulations  affect  only  higher  harmonics. 

b)  For  a closed  jet  tunnel  like  the  one  at  SSPA 
an  increase  of  the  total  air  content  means  a 
corresponding  increase  of  the  number  and  content 
of  free  nuclei  which  could  be  observed  visually 
at  the  tests  at  different  air  content  ratios 
referred  to  in  the  paper  and  which  was  con- 
firmed by  recent  measurements  in  different 
tunnels  using  laser  technique  (Refs. 23, 2h) . 
Accordingly,  at  the  tests  referred  to  in  our 
paper,  amplitude  modulations  affecting  the 
blade  frequency  harmonic,  were  noticed  only  at 
the  extremely  low  air  content  a/as  « 0.07. 

In  a depressurized  towing  tank  on  the  other 
hand  the  presence  of  a very  large  free  surface 
may  well  explain  why  the  number  of  nuclei  is 
small  and  largely  independent  of  pressure,  as 
is  stated  in  Ref. 23,  which  refers  to  measure- 
ments in  the  vacuum  tank  at  NSMB. 


P.A.  FITZSIMMONS 

Also  the  problem  of  wake  distribution  in  model 
and  full  scale,  referred  to  by  Mr  Fitzsimmons, 
has  been  investigated  at  SSPA  and  some  of  the 
results  published  (Ref. 7).  The  published  results 
refer  to  an  investigation  including  a change  of 
the  wake  distribution  towards  the  one  in  full 
scale,  accomplished  by  taking  away  the  parallel 
middlebody,  thereby  increasing  the  effective 
Reynolds  number.  Two  tanker  models  having 
different  afterbody  shape  were  used  for  this 
investigation.  Important  results  of  this  investi- 
gation are: 

a)  The  change  of  the  wake  pattern  had  no 
dramatic  effect  on  the  levels  of  the  pressure 
fluctuations . 

b)  Extrapolation  of  the  wake  distributions  to 
full  scale  Reynolds  number  indicated  that  the 
Sasajima  method  for  calculating  the  full  scale 
wake  can  in  some  cases  give  misleading  results. 

Bearing  these  facts  in  mind  and  considering  that 
we  have  carried  out  several  successful  correla- 
tions between  model  and  full  scale  pressure 
fluctuations  we  are  very  reluctant  to  introduce 
more  or  less  hypothetical  full  scale  wake 
distributions  at  the  cavitation  tunnel  tests. 

It  must  however  be  pointed  out  that  the  scale 
effect  in  the  mean  wake  is  considered  by  running 
the  tests  at  values  of  advance  ratio  and 
cavitation  number  calculated  to  correspond  as 
closely  as  possible  to  those  of  the  full  scale 
ship.  In  reality  this  means  also  a correction 
of  the  wake  distribution,  the  magnitude  of  which 
is  illustrated  for  one  case  in  Ref. 25. 

An  explanation  why  the  change  of  wake  distri- 
bution had  such  a dramatic  influence  on  the 
pressure  fluctuations  in  the  cases  referred  to 
by  Mr  Fitzsimmons  may  be  that  this  change  was 
accomplished  (by  taking  away  nets  or  similar)  in 
such  a way  that  the  interference  between  hull  and 
propeller  was  effected. 
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Fig.  26:  Wake  fraction  at  angular  position  6 in 
propeller  plane 
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Fig.  27:  Component*  of  pressure  on  ship  centreline 
above  propeller  tips 
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Fig.  28:  In  this  figure  the  effect  of  additional  nuclei  on  cavitation  is  illustrated.  To  the  left  a sequence  of  photographs 
without  additional  nuclei  is  shown  for  one  condition  at  different  instants. 

The  three  photographs  on  the  right  show  the  patterns  with  additional  nuclei. 

The  stabilizing  effect  of  additional  nuclei  is  clearly  demonstrated. 


Discussion  on  Paper  by  .R.  J.  Boswell 


J.P.  BRESLIN 

Mr  Boswell  and  his  colleagues  have  indicated 
in  this  highly  comprehensive  study  that  the 
vibratory  bending  moments  on  this  D.E,  propeller 
are  not  as  well  predicted  by  the  unsteady  lift- 
ing surface  theory  as  we  would  like.  Since  the 
theory  has  been  successfully  correlated  with 
other  data,  some  in  which  screen-generated  wakes 
were  not  used  (not  subject  to  propeller-induced 
alteration  of  the  wake)  and  other  cases  in  which 
measurements  were  made  on  full-scale  ships,  the 
lack  of  better  correlation  here  is  somewhat 
surprising. 

As  a check,  we  have  made  two  sets  of  calculations 
one  with  the  wake  harmonics  used  by  Boswell,  et 
al  and  the  other  for  a D.E.  wake  which  might  be 
considered  as  typical  of  this  class  of  vessel  as 
may  be  seen  by  referring  to  the  summary  of  wakes 
provided  by  Cheng  and  Hadler  in  the  SNAME  Trans- 
actions. 

First,  let  us  look  at  the  variation  of  the 
perturbation  velocity  imposed  by  these  wakes 
nOAmat  to  the  blade  section  at  0,71  radius  as 
shown  in  Figure  29.  Here  the  sum  of  the  first 
three  harmonics  (the  remaining  being  very  small) 
shows  that  this  total  normal  velocity  is  not 
perfectly  symmetrical  with  respect  to  l80° 

(as  would  be  the  case  for  the  first  tangential 
harmonic)  and  this  explains  why  the  bending 
moment  data  shows  larger  values  in  the  vicinity 
of  9 o'clock  than  near  3 o'clock  (90°).  This  is 
due  to  the  constructive  contribution  of  the 
axial  second  harmonic  at  270°  and  the  opposing 
contribution  at  90°.  Since  the  axial  harmonics 
were  much  smaller  for  the  wake  measured  for  this 
hull  as  compared  to  all  others  summarized  by 
Cheng  and  Hadler,  we  selected  that  for  Model 
4881  shown  as  the  dashed  curve  of  Figure  29. 

This  proved  to  be  fruitless  as  the  tangential 
components  were  weaker.  The  results  of  the 
calculations  are  shown  in  Figure  30  where  the 
cxt.c£fc4  are  the  theory  with  Boswell's  wake  with 
the  dynamometer  boat  present  and  the  ptui&i  for 
the  wake  of  Model  4881. 

As  might  have  been  anticipated,  we  get  no  help 
from  this  latter  wake.  Our  curve  .'or  the 
circles  agrees  with  those  calculated  by  Boswell 
from  our  program,  but  by  eye  this  disagreement 
with  the  model  data  is  not  as  great  as  alluded 
to  by  Mr  Boswell  in  his  oral  presentation. 

The  trace  of  the  full-scale  data  which  departs 
strongly  from  the  model  data  in  the  neighbour- 
hood of  12-  and  6-o'clock  suggests  that  the 
full-scale  wake  has  mueh  stronger  axial  or 
cosine  content  than  that  of  the  model.  This  is 
in  keeping  with  the  trend  of  the  viscous  flow 
with  Reynold'  number,  the  full-scale  being 
sharper  and,  hence,  having  larger  harmonic 
content.  It  is  puzzling  that  the  model 


measurements  are  well  below  the  full-scale 
values  at  12  o'clock  (0°)  whereas  they  are 
substantially  above  those  at  6 o'clock  (180°). 
Perhaps  the  lack  of  scaling  of  the  model  wake  in 
the  shadow  of  the  inclined  shaft  is  to  be  sus- 
pected. It  is  understood  that  the  temporal 
variations  in  the  measurements  were  pronounced  in 
the  12  o'clock  region. 

We  have  looked  at  the  effect  of  mean  propeller 
induction  which  causes  the  blades  to  see  a 
contracted  distribution  of  harmonics  but,  as  the 
disc  loading  coefficient  is  only  of  the  order  of 
0.7,  nothing  significant  could  be  extracted  by 
this  alteration  of  the  radial  distribution  of 
harmonics  - in  fact  a slight  reduction  in  the 
bending  moment  could  be  anticipated.  For  an 
inclined  propeller,  the  mean-induction  flow-tube 
will  be  bent  around  and  induction  of  fluid 
nearer  the  hull  forward  of  the  propeller  may  be 
expected  to  have  reduced  axial  velocities  and, 
hence,  a larger  axial  harmonic  than  is  reflected 
in  the  nominal  wake  (measured  without  the 
propeller  operating). 

I do  not  agree  with  Mr.  Boswell's  conjecture  that 
the  theory  is  inaccurate  because  of  the  omission 
of  non-linear  effects.  The  requirements  for 
linearization  are  well  met  here;  besides,  non- 
linear effects  can  only  give  rise  to  mean  and 
second  harmonic  effects  which  would  not  at  all 
seem  to  be  the  missing  effects  here.  I am  more 
inclined  to  believe  that  the  distortion  of  the 
inflow  due  to  the  non-angular-dependent  image  of 
the  propeller  in  the  hull  may  be  significant 
since  it  is  the  first  few  harmonics  of  the 
inflow  which  are  important  here. 
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Authors’  Reply 


The  authors  wish  to  thank  Dr.  Breslin  for  his 
discussion  to  the  paper.  The  following  closure 
will  attempt  to  clarify  some  of  the  points 
raised. 

Dr.  Breslin  made  several  comments  regarding  the 
poor  correlation  between  the  experimental 
results  and  calculated  results  based  on  the 
method  of  Tsakonas,  et  al  (Ref.l4),  for  un- 
steady blade  loading  under  steady  ahead  opera- 
tion. Our  experience  with  the  method  of 
Tsakonas , et  al  has  been  that  correlation  with 
experimental  results  has  been  rather  incon- 
sistent, except  for  some  data  obtained  in  wakes 
generated  by  screens  at  DTNSRDC,Ref.6.  However, 
these  data  obtained  behind  wake  screens  differ 
from  the  data  in  the  present  paper  in  three 
important  aspects.  For  the  data  obtained  behind 
screens, Ref. 6: 

1.  There  is  no  nearby  upstream  boundary  as 
there  is  in  the  present  study,  therefore,  it 
is  less  likely  that  the  propeller  alters  the 
wake  pattern. 

2.  The  wakes  contain  only  an  axial  component 
whereas  in  the  present  study  the  wake  con- 
tains axial,  tangential,  and  radial  compon- 
ents with  the  first  harmonic  of  the  tangen- 
tial wake  being  dominant. 

3.  Forces  and  moments  were  measured  only  at 
multiples  of  blade  frequency  whereas  in  the 
present  study  forces  and  moments  were 
measured  at  all  harmonics  of  shaft  frequency. 

Therefore,  it  is  not  necessarily  inconsistent 
that  good  correlation  was  obtained  in  Reference 
6 and  poor  correlation  obtained  in  the  present 
study. 

Future  systematic  blade  loading  experiments  are 
planned  to  determine  whether  correlation  between 
theory  and  experiment  depends  on  the  presence  of 
a nearby  boundary,  or  if  it  depends  on  whether 
the  wake  is  axial  or  tangential. 

Previous  investigations  (Ref. 23, 24, 25) , which 
were  inadvertently  omitted  from  the  references 
to  the  present  paper,  compared  experimentally 
determined  unsteady  forces  and  moments  on  a 
single  blade  of  various  propellers  in  inclined 
flow  with  forces  and  moments  calculated  by  a 
quasi-steady  procedure  similar  to  that  des- 
cribed by  McCarthy  (Ref. 15).  These  experi- 
mental loads  were  obtained  either  by  direct 
measurement  of  unsteady  forces  and  moments  on 
a single  blade  (Ref. 23, 24)  or  were  deduced 
from  measured  steady  transverse  forces  and 
moments  along  axes  fixed  relative  to  the  flow, 
i.e.  not  rotating  with  the  propeller. 

References  23  to  25  show  that  for  non-cavitating 
conditions  the  experimental  unsteady  blade 


loading  was  from  1.7  to  2.0  times  as  large  as 
the  values  calculated  by  the  quasi-steady  method. 
This  agrees  with  the  results  of  the  present 
investigation;  see  Figure  27.  Although  no 
correlations  were  made  with  the  method  of 
Tsakonas,  et  al,  it  is  expected  that  predictions 
by  this  procedure  would  be  even  smaller  than 
the  quasi-steady  prediction. 

Dr.  Breslin  presented  calculations  using  the 
method  of  Tsakonas,  et  al,  based  on  the  wake  of 
a model  used  in  the  present  paper.  The  purpose 
of  these  calculations  is  not  clear;  however,  they 
demonstrate  the  sensitivity  of  calculated  un- 
steady loads  to  changes  in  the  wake  patterns. 

Dr.  Breslin  is  correct  that  the  larger  unsteady 
loading  at  fiw=270  degrees  than  at  9W=90  degrees 
arises  from  the  reinforcing  effect  of  the  longit- 
udinal and  tangential  wake  components  at  6 =270 
degrees,  and  the  cancelling  effect  at  Aw=90 
degrees. 

We  generally  agree  with  Dr.  Breslin 's  comments 
regarding  the  difference  between  model  and  full- 
scale  results  for  the  blade  nearly  vertical 
upward.  'However,  the  full-scale  data  represent 
an  average  of  only  six  revolutions  and  there  was 
significant  variation  between  the  various  revol- 
utions in  this  region.  This  variation  may  have 
resulted  from  effects  of  the  seaway,  such  as 
ship  motions  or  time-dependent  free  surface 
effects. 

We  do  not  follow  Dr.  Breslin' s contention  that  in 
the  method  of  Tsakonas,  et  al,  "non-linear  effects 
can  only  give  rise  to  mean  and  second  harmonic 
effects".  This  computation  scheme  is  based  on 
calculating  the  loading  response  to  one  harmonic 
of  the  wake  at  a time  independent  of  all  other 
harmonics.  Therefore,  it  appears  that  any  linear- 
ization must  apply  to  all  harmonics  of  the  load- 
ing. 

Again,  the  authors  wish  to  thank  Dr.  Breslin  for 
his  discussion. 

REFERENCES 

23.  Albrecht,  K. , and  Suhrbier,  K.R.  "Investiga- 
tion of  the  Fluctuating  Blade  Forces  of  a 
Cavitating  Propeller  in  Oblique  Flow"  Inter- 
national Shipbuilding  Progress,  Vol.22,  No. 246 
April  1975,  P 132-147. 

24.  Bednarzik,  R.  "Untersuchung  uber  die  Belas- 
tungs-schwankungen  am  Elinselflugel  schrag 
angestromter  Propeller,"  Schiffbaufors chung, 
Vol.8,  No. 1/2,  1969,  p 57-80. 

25.  Gutsche,  F.  "Untersuchung  von  Schiffsschrauben 
in  schrager  Anstromung,"  Schiffbauforschung, 
Vol  3,  No. 3/4,  1964. 


833  ® IMcchE  IV77 


LIST  OF  PARTICIPANTS 


♦indicates  contributed  by  written  discussion  only) 


Abkowitz,  M.  A. 

Massachusetts  Institute  of  Tech- 
nology, Cambridge,  USA. 

Acosta,  A.  J. 

California  Institute  of  Technology, 
Pasadena,  USA. 

Alaez,  J.  A. 

Canal  de  Experiencias  Hidro- 
dinamicas,  El  Pardo,  Madrid, 

Spain. 

Alvarez-Canovas,  C. 

Canal  de  Experiencias  Hidro- 
dinamicas,  El  Pardo,  Madrid, 

Spain. 

Andersson,  B.  J. 

The  Royal  Institute  of  Technology, 
Stockholm,  Sweden. 

Ashe,  G.  M. 

Naval  Ship  Engineering  Centre, 
Hyattsville,  USA. 

Astorquiza,  G.  V. 

Armada  de  Chile,  Valparaiso, 

Chile. 

Bailhache,  J. 

Chantier  Naval,  Saint-Nazaire, 
France. 

Bakenhus,  J. 

BWB,  Koblenz,  Germany. 

Bail,  F.  C. 

Cantieri  Navali  Riunti,  Genova, 
Italy. 

Bishop,  R.  E.  D, 

University  College  London, 

London,  England. 

Bogdanov,  P.  A. 

Shipbuilding  Research  Institute, 
Varna,  Bulgaria. 

Booth,  T.  B. 

Admiralty  Experiment  Works, 
Haslar,  England. 

Borresen,  R. 

The  Ship  Research  Institute  of 
Norway,  Trondheim,  Norway. 

Boswell,  R.  J. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda,  USA. 

Brard,  R. 

Bassin  d’Essais  des  Car  lines,  Paris, 
France. 

Bratu,  Ch. 

Institute  Fran^ais  du  P6trole,  Rueil 
Malmaison,  France. 

Breslin,  J.  P. 

Stevens  Institute  of  Technology, 
Hoboken,  USA. 

Bria,  M.  G. 

Cetena,  Genova,  Italy. 

Brix,  J. 

Hamburgische  Schiffbau-Versuchs- 
anstalt,  G.m.b.H.,  Hamburg, 
Germany. 

Bussemaker,  O. 

Schottel  Nederland  B.V.,  Den 

Haag,  Nederland. 

Butler,  C. 

Hawker  Siddeley  Dynamics  Ltd, 
Stevenage,  England. 

Cagle,  B. 

Office  of  Naval  Research,  Pasadena, 
USA. 

•Carlsen,  C.  A. 

Det  Norske  Veritas,  Oslo,  Norway. 

Catley,  D. 

British  Ship  Research  Association, 
Wallsend,  England. 

Chan,  R.  K-C. 

Jaycor,  Del  Mar,  USA. 

Chang,  Ming  S. 

David  Taylor  Naval  R & D 

Center,  Bethesda, 

USA. 

Chapman,  R.  B. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda, 

USA. 

Chaszeyka,  M.  A. 

Office  of  Naval  Research,  Chicago, 
USA. 

Cheng,  H.  M. 

Office  of  the  Chief  of  Naval 
Operations,  Washington,  DC, 

USA. 

Coene,  R. 

Technische  Hogeschool  Delft,  The 
Netherlands. 

Cooper,  R.  D. 

Office  of  Naval  Research,  Arlington, 
USA. 

Coppola,  C. 

INSEAN.  (Rome  Tank),  Rome, 

Italy. 

Crago,  W.  A. 

EEL.  British  Hovercraft  Corpora- 
tion Ltd,  East  Cowes,  England. 

Cummins,  W.  E. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda,  USA. 

Dalzell,  J.  F. 

Stevens  Institute  of  Technology, 
Hoboken,  USA. 

Dand,  I.  W. 

National  Physical  Laboratory, 
Feltham,  England. 

Daniel,  R.  J. 

Ministry  of  Defence  (PE;,  Bath, 
England. 

*Davis,  A.  M.  J. 

University  College  London, 

London,  England. 

Davis,  M.  D. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda,  USA. 

De  Loof,  J.  P. 

Ste  Bertin  et  Cie,  Plaisir,  France. 

Demanche,  J.  F. 

Bassin  d'Essais  des  Carenes,  Paris, 
France. 

Demoulins,  J.  F. 

Bureau  Veritas,  Paris,  France. 

Dern,  J.  C. 

Bassin  d’Ess<:-  des  Cardnes,  Paris, 
France. 

Dirkzwager,  J.  M. 

Ministry  of  Defence  Netherlands, 
The  Hague,  The  Netherlands. 

Doctors,  L.  J. 

University  of  New  South  Wales, 
Kensington,  Australia. 

Doroff,  S.  W. 

Office  of  Naval  Research,  Arlington, 
USA. 

Drummond,  T.  G. 

Defence  Research  Establishment 
Atlantic,  Dartmouth,  Canada. 

Eames,  M.  C. 

Defence  Research  Establishment 
Atlantic,  Dartmouth,  Canada. 

Eatock  Taylor,  R. 

University  College  London, 

London,  England. 

Eda,  H. 

Stevens  Institute  of  Technology, 
Hoboken,  USA. 

Evans,  D. 

University  of  Bristol,  Bristol, 
England. 

Fabris,  F. 

Australian  Naval  Construction 
Liaison  Officer,  MOD  (Navy),  Bath, 
England. 

Falkemo,  C. 

Chalmers  Tekniska  Hogskola, 
Goteborg,  Sweden. 

Falls,  R. 

Maritime  Administration, 
Washington  DC,  USA. 

Ferdinande,  V. 

Dienst  Voor  Scheepsbouwkunde, 
Gent,  Belgium. 

835 


© IMechE  1977 


Fink,  P.  T. 

University  of  New  South  Wales, 
Kensington,  Australia. 

Fitzpatrick,  H.  M. 

Office  of  Naval  Research,  Chevy 
Chase,  USA. 

•Fitzsimmons,  P.  A. 

British  Ship  Research  Association, 
Wallsend,  England. 

Flokstra,  C. 

Delft  Hydraulics  Laboratory, 

Delft,  The  Netherlands. 

Frederiks,  W.  G. 

Mathematisch  Institute,  Groningen, 
The  Netherlands. 

Frivold,  H. 

Det  Norske  Veritas,  Oslo,  Norway. 

Fruman,  D.  H. 

Laboratoire  D'Aerodynamique, 
Orsay,  France. 

Fujii,  H. 

Nagasaki  Technical  Institute, 
Nagasaki,  Japan. 

Fujino,  M. 

University  of  Tokyo,  Tokyo,  Japan. 

Fureya,  Okitsugu 

Tetra  Tech.  Inc.,  Pasadena,  USA. 

Gadd,  G.  E. 

National  Physical  Laboratory, 
Feltham,  England. 

Garcia,  A. 

Canal  de  Experiencias  Hidro- 
dinamicas,  El  Pardo,  Madrid, 

Spain. 

Garrett,  D. 

P&O  SN  Co,  London,  England. 

Gerritsma,  J. 

Technische  Hogeschool  Delft, 

Delft,  The  Netherlands. 

Gill,  A.  D. 

National  Physical  Laboratory, 
Feltham,  England 

Glen,  1.  F. 

Canadian  Dept  of  National 

Defence,  Ottawa,  Canada. 

Gomez,  M.  P. 

Buenos  Aires,  Argentina. 

Goodman,  A. 

Hydronautics  Incorporated, 

Laurel,  USA. 

Guilloud,  J. 

Alsthom — TDF,  Grenoble,  Cedex, 
France. 

Hadjimihalev,  P.  H. 

Shipbuilding  Research  Institute, 
Varna,  Bulgaria. 

Hagen,  G.  R. 

David  Taylor  Naval  Ship  R & D 
Center,  Carderock, 

USA. 

Harvald,  Sv.  Aa. 

Inst,  for  Skibs-  og  Havteknik, 
Lyngby,  Denmark. 

Haynes,  F. 

Vickers  Ltd,  Barrow-in-Furness, 
England. 

Heradstveit,  B.  O. 

Royal  Norwegian  Naval  Academy, 
Ytre  Laksevag,  Norway 

Hermans,  A.  J. 

Technische  Hogeschool  Delft, 

Delft,  The  Netherlands. 

Hirata,  K. 

Kawasaki  Heavy  Industries  Ltd., 
London,  England. 

Hirayama,  T. 

Yokohama  National  University, 
Yokohama,  Japan. 

Hogben,  N. 

National  Physical  Laboratory, 
Feltham,  England. 

Honkanen,  M. 

Helsinki  University  of  Technology, 
Espoo,  Finland. 

Hooft,  J.  P. 

Netherlands  Ship  Model  Basin, 
Wageningen,  The  Netherlands. 

Hunley,  W.  H. 

Naval  Ship  Engineering  Center, 
Hyattsville,  USA. 

Jami,  A. 

ENSTA,  Paris,  France. 

Jens,  J.  L.  E. 

IMCO,  London,  England. 

Jensen,  J.  V. 

Helsingor  Teknikum,  Helsingor, 
Denmark. 

Johnsson,  C.  A. 

Statens  Skeppsprovningsanstalt, 
Goteborg,  Sweden. 

Johnson,  B. 

US  Naval  Academy,  Annapolis, 
USA. 

Johnson,  D. 

Admiralty  Research  Laboratory, 
Teddington,  England. 

Jorde,  J.  H. 

Royal  Norwegian  Material 
Command/Bureau  of  Ships, 
Haakonsvern,  Norway. 

Jouaillec,  M.  F. 

Jovev,  J.  K. 

Kaplan,  P. 

Keil,  H. 

Kennel,  C. 

Ketelsen,  H. 

Kholodilin,  A.  N. 
Kim,  M.  W.  D. 

Kitagawa,  H. 

Kobylinski,  L. 

Koeman,  J.  W. 

Kokkinowrachos,  K., 

Koopmans,  F. 

Koslov,  S. 

Kowalski,  T. 
Krezelewski,  M. 

Kuo,  C. 

Kure,  K. 

•Kwang  June  Bai 

Lackenby,  H. 
Lambert,  T.  H, 
Langfeldt,  J.  N. 

Lap,  A.  J.  W. 

Larsson,  L. 

Lazarov,  G.  M. 
Leone,  P.  C. 

Lewis,  E.  V. 

Lin,  Wen-Chin. 

Lloyd,  A.  R.  J. 
Loukakis,  T. 

Lover,  E.  P. 

Low,  D.  J. 

Lyons,  R.  A. 
McCarthy,  J.  H. 
McGregor,  R.  C. 
•Magnuson,  A.  H. 


Ecole  Nationale  Superieure  de 
Techniques  Avances,  Paris,  France. 
Shipbuilding  Research  Institute, 
Varna,  Bulgaria. 

Oceanics  Inc.,  Plainview,  USA. 
Institut  fur  Schilfbau,  Hamburg, 
Germany. 

Naval  Ship  Engineering  Center, 
Hyattsville,  USA. 

Helsingor  Teknikum,  Hclsingor, 
Denmark. 

UNESCO. 

Washington  Navy  Yard, 
Washington,  USA. 

Ship  Research  Institute,  Tokyo, 
Japan. 

Technical  University  Gdansk, 
Gdansk,  Poland. 

Delft  Hydraulics  Laboratory,  Delft, 
The  Netherlands. 

Technical  University  Aachen, 
Aachen,  Germany. 

Delft  Hydraulics  Laboratory,  Delft, 
The  Netherlands. 

Office  of  the  Assistant  Secretary  of 
the  Navy  (R  & D),  Washington, 
DC,  USA. 

The  University,  Glasgow,  Scotland. 
Gdansk  Technical  University, 
Gdansk,  Poland. 

University  of  Strathclyde,  Glasgow, 
Scotland. 

Danish  Ship  Research  Laboratory, 
Lyngby,  Denmark. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda, 

USA. 

British  Ship  Research  Association, 
Wallsend,  England. 

University  College  London, 
London,  England. 

Chr.  Michelsen  Inst.,  Bergen, 
Norway. 

Royal  Netherlands  Naval  Academy, 
Den  Helder,  The  Netherlands. 
Swedish  State  Shipbuilding 
Experimental  Tank,  Goteborg, 
Sweden. 

Shipbuilding  Research  Institute, 
Varna,  Bulgaria. 

lnstituto  de  Pesquisas,  Sao  Paulo, 
Brazil. 

Webb  Institute  of  Naval  Architec- 
ture, Glen  Cove,  USA. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda,  USA. 

Admiralty  Experiment  Works, 
Haslar,  England. 

National  Technical  University  of 
Athens,  Athens,  Greece. 

Admiralty  Experiment  Works, 
Haslar,  England. 

Ministry  of  Defence  (PE),  Bath, 
England. 

Atkins  Research  and  Development, 
Epsom,  England. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda,  USA. 

The  University  of  Glasgow, 
Glasgow,  Scotland. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda, 

USA. 


© IMcchl  1477 


8J6 


Martinussen,  K. 
Mazarredo,  L. 
Mei,  C.  C. 

Melson,  L.  B. 
Merbt,  H. 

Messum,  L.  T. 
Meyerhoff,  K. 
Miles,  M.  D. 
Millward,  A. 
Moeyes,  G. 

Moor,  D.  I. 
•Moran,  D.  D. 

Morgan,  W.  B. 
Morsi,  S.  A. 
Muller,  E. 
Newman,  J.  N. 
Nicholson,  K. 
Nienarlowicz,  K. 
•Noordzij,  L. 
Norris,  C. 
Nowacki,  H. 
Nunez,  J.  F. 

Oda,  T. 

•Odabasi,  A.  Y. 
Oltmann,  P. 
Oosterveld,  M.  W. 
Osborn,  R.  J. 

| Paffett,  J.  A.  H. 

Parkinson,  A.  G. 
Paul,  K. 

Pirez-Sobrino,  M. 

« Piantini,  E. 

Pinkster,  J.  A. 


C. 


The  Ship  Research  Institute  of 
Norway,  Trondheim,  Norway. 
Ciudad  Universitaria,  Madrid, 
Spain. 

Massachusetts  Institute  of  Tech- 
nology, Cambridge,  USA. 

US  Navy  Sci.  & Tech.  Gr.  Europe, 
Munich,  Germany. 
Fraunhofer-Gesellschaft  zur 
Forderung  der  angewandten 
Forschung  e.V  Forschungsgruppe 
Hydroakustik,  Ottobrunn  bei 
Munchen,  Germany. 

Admiralty  Research  Laboratory, 
Teddington,  England. 
Planungsgesellschaft  mbH, 
Hamburg,  Germany. 

National  Research  Council,  Ottawa, 
Canada. 

University  of  Liverpool,  Liverpool, 
England. 

Technische  Hogeschool  Delft, 

Delft,  The  Netherlands. 

Ship  Model  Experimnet  Tank,  St. 
Albans,  England. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda, 

USA. 

David  Taylor  Naval  Ship  R & D 
Center,  Bethesda,  USA. 

University  College  London, 

London,  England. 

Versuchsanstalt  fur  Binnenschiffbau, 
Duisburg,  Germany. 

Massachusetts  Institute  of  Tech- 
nology, Cambridge,  USA. 

Admiralty  Experiment  Works, 
Haslar,  England. 

Centrum  Techniki  Orkgtowej, 
Gdansk,  Poland. 

Netherlands  Ship  Model  Basin, 
Wageningen,  The  Netherlands. 
British  Ship  Research  Association, 
Wallsend,  England. 

Technische  Universitat  Berlin, 

Berlin,  Germany. 

Canal  de  Experiencias  Hidro- 
dinamicas,  El  Pardo,  Madrid, 

Spain. 

Mitsui  Shipbuilding  & Engineering 
Co  Ltd,  Tokyo,  Japan. 

The  British  Ship  Research  Associa- 
tion, Wallsend,  England. 

Institut  fur  Schiffbau,  Hamburg, 
Germany. 

Netherlands  Ship  Model  Basin, 
Wageningen,  The  Netherlands. 
Ministry  of  Defence  (PE),  Bath, 
England. 

National  Physical  Laboratory, 
Feltham,  England. 

University  College  London, 

London,  England. 

Technical  University  Gdansk, 
Gdansk,  Poland. 

Canal  de  Experiencias  Hidro- 
dinamicas,  El  Pardo,  Madrid, 

Spain. 

Mariconavarmi,  c/o  Italian  Embassy, 
London,  England. 

Netherlands  Ship  Model  Basin, 
Wageningen,  The  Netherlands. 


Powell,  A. 

Price,  W.  G. 

Pronk,  C. 

Prytz,  K. 

Pylkkiinen,  J. 

Rainey,  R.  C.  T. 
Rawson,  K.  J. 

Remmers,  K. 

Ritter,  H. 

Roberts,  G.  O. 

Robins,  A.  J. 

Roucous,  R. 

Roy,  S. 

Rutgersson,  O. 
Rynning,  S. 
Sabuncu,  T. 
Salaiin,  P. 

•Salvesen,  N. 

Sani,  G. 

Sayer,  P. 

Schenzle,  P. 

Schmiechen,  M. 

Schmitke,  R.  T. 

Schwanecke,  H. 

Sharma,  S.  D. 

Simmonds,  M.  H. 

Sinclair,  L. 

Slaattelid,  O.  H. 

Smitt,  L.  W. 

Sontvedt,  T. 
Sparenberg,  J.  A. 

Spencer,  J.  B. 

•Standing,  R.  G. 

Steele,  B.  N. 

Strasser,  G. 

Stuhmiller,  J.  H. 
Stuurman,  A.  M. 

Suhrbier,  K.  R. 


David  Taylor  Naval  Ship  R & D 
Center,  Bethesda,  USA. 

University  College  London, 

London,  England. 

Drunen,  The  Netherlands. 

Chantiers  Navals  de  La  Ciotat, 
France. 

Helsinki  University  of  Technology, 
Espoo,  Finland. 

Y-ARD,  Glasgow,  Scotland. 
University  College  London, 

London,  England. 

Kempf  and  Remmers,  Hamburg, 
Germany. 

National  Physical  Laboratory, 
Feltham,  England 
Science  Applications  Inc.,  McLean, 
USA. 

Admiralty  Research  Laboratory, 
Teddington,  England. 

Centre  Universitaire,  Orsay,  France. 
University  College  London, 

London,  England. 

Statens  Skeppsprovningsanstalt, 
Goteborg,  Sweden. 

River  & Harbour  Laboratory, 
Trondheim,  Norway. 

Technical  University  of  Istanbul, 
Istanbul,  Turkey. 

Office  National  D’Etudes  et  de 
Recherches  Aerospatiales, 
Chatillon-Sous  Bagneux,  France. 
David  Taylor  Naval  Ship  R & D 
Center,  Bethesda, 

USA. 

Cetena,  Genova,  Italy. 

University  of  Manchester, 
Manchester,  England. 

Hamburg  University,  Hamburg, 
Germany. 

Fiir  Wasserbau  und  Schiffbau, 
Berlin,  Germany. 

Defence  Research  Establishment 
Atlantic,  Dartmouth,  Canada. 
Technische  Universitat  Wien,  Wien, 
Austria. 

Institut  fiir  Schiffbau  der 
Universitat  Hamburg,  Hamburg, 
Germany. 

Hawker  Siddeley  Dynamics  Ltd, 
Stevenage,  England. 

Stone  Manganese  Marine  Ltd, 
London,  England. 

A/S  Strommen  Staal,  Strommen, 
Norway. 

Skibsteknisk  Laboratorium,  Lyngby, 
Denmark. 

Del  Norske  Veritas,  Oslo,  Norway, 
University  of  Groningen, 

Groningen,  The  Netherlands. 
Ministry  of  Defence  (PE),  Bath, 
England. 

National  Physical  Laboratory, 
Feltham,  England. 

Admiralty  Experiment  Works, 
Haslar,  England. 

Technische  Universitat  Wien,  Wien, 
Austria. 

Jaycor,  Del  Mar,  USA. 

Ministerie  Van  Defensie  Marine, 

The  Hague,  Netherlands. 

Vosper  Thornycroft  Ltd, 
Portsmouth,  England. 


1 

! 

.♦ 

■: 


8 '7 


© IMcchfc  1977 


Sukselainen,  I.  J. 

Technical  Research  Centre  of 
Finland,  Espoo,  Finland. 

Sulmont,  P. 

Ecole  Nationale  Superieure  de 
Mecanique,  Nantes,  France. 

♦Swift,  M.  R 

University  of  New  Hampshire, 
Durham,  USA. 

Swift,  P.  M. 

Shell  International  Marine  Ltd, 
London,  England. 

Takekawa,  M. 

Sumitomo  Shipbuilding  and 
Machinery  Co  Ltd,  Yokosuka, 
Japan. 

Takezawa,  S. 

Yokohama  National  University, 
Yokohama,  Japan. 

Tam,  P. 

University  College  London, 

London,  England. 

Tasaki,  R. 

Ishikawajima — Harima  Heavy 
Industries  Co  Ltd,  Yokohama, 
Japan. 

Tattersall,  E. 

Hovermarine  Transport, 
Southampton,  England. 

Thomas,  P.  V. 

Admiralty  Experiment  Works, 
Haslar,  England. 

Tran-Van-Nhieu,  M. 

Ecole  Nationale  Superieure  de 
Techniques  Avances,  Paris,  France. 

Treshchevsky,  V.  N. 

Krylov  Ship  Research  Institute, 
Leningrad,  USSR. 

Tsakonas,  S. 

Stevens  Institute  of  Technology, 
Hoboken,  USA. 

Tupper,  E.  C. 

Admiralty  Experiment  Works, 
Haslar,  England. 

Uhlin,  R.  C. 

Exxon  International  Co,  New 

York,  USA. 

Ursell,  F. 

University  of  Manchester, 
Manchester,  England. 

van  de  Voorde,  C.  B. 

TNO — IWECO,  Deift,  The 
Netherlands. 

van  Gent,  W. 

Netherlands  Ship  Model  Basin, 
Wageningen,  The  Netherlands. 

van  Oorschot,  J.  H. 

Delft  Hydraulics  Laboratory,  Delft, 
The  Netherlands. 

van  Oortmerssen,  G. 

Netherlands  Ship  Model  Basin, 
Wageningen,  The  Netherlands. 

Vermeer,  H. 

Netherlands  Directorate  General  of 
Shipping  and  Navigation,  The 
Hague,  The  Netherlands. 

Visconti,  M. 

Alsthorm — TDF,  Grenoble  Cedex, 
France. 

Vytlacil,  N. 

Westinghouse  Electric  Corp., 
Annapolis,  USA. 

Wade,  R.  B. 

Tetra  Tech  Inc,  Pasadena,  USA. 

Walderhaug,  H. 

Kockums  Mek  Verkstads  AB, 
Malmo,  Sweden. 

Wang,  S. 

Tetra  Tech  Inc,  Pasadena,  USA. 

Watson,  T. 

Panama  City,  Florida,  USA. 

Webster,  W.  C. 

Hamburg,  Rothenbaumchausee  34, 
Germany. 

Wehausen,  J.  V. 

University  of  California,  Berkeley, 
USA. 

Wellicome,  J. 

University  of  Southampton, 
Southampton,  England. 

Wereldsma,  R. 

Technical  University  Delft,  Delft, 
The  Netherlands. 

Wermter,  R. 

David  Taylor  Naval  Ship  R & D 
Center,  Besthesda,  USA. 

Wieghardt,  K. 

Institut  fur  Schiffbau,  Hamburg, 
Germany. 

Wiersma,  A.  K. 

Mathematisch  Institut,  Groningen, 
The  Netherlands. 

Williams,  N.  R. 

AERE,  Harwell,  England. 

Williams,  S. 

University  of  Newcastle  upon  Tyne, 
Newcastle  upon  Tyne,  England. 

Wolff,  K. 

Institut  fur  Schiffbau,  Hamburg, 
Germany. 

Wood,  A.  D. 

Office  of  Naval  Research,  Boston, 
USA. 

Wu,  T.  Y. 

California  Institute  of  Technology, 
Pasadena,  USA. 

Yamanouchi,  Y. 

Mitsui  Shipbuilding  & Engineering 
Co  Ltd,  Tokyo,  Japan. 

Yeung,  R.  W. 

Massachusetts  Institute  of 
Technology,  Cambridge,  USA. 

Yoshida,  K. 

University  of  Tokyo,  Tokyo,  Japan. 

Yue,  D. 

Massachusetts  Institute  of  Tech- 
nology, Cambridge,  USA. 

1 


I 


© IMechh  1977 


838 


PREVIOUS  BOOKS  IN  THE  NAVAL  HYDRODYNAMICS 

SERIES 

“First  Symposium  on  Naval  Hydrodynamics,”  National  Academy  of  Science — National 
Research  Council,  Publication  515,  1957,  Washington,  D.C.;  PBI33732,  paper  copy 
$11.25,  16-mm  microfilm  $2.25. 

“Second  Symposium  on  Naval  Hydrodynamics:  Hydrodynamic  Noise  and  Cavity  Flow," 
Office  of  Naval  Research,  Department  of  the  Navy,  ACR-38,  1958;  PBI 57668,  paper 
copy  $13.25,  16-mm  microfilm  $2.25. 

“Third  Symposium  on  Naval  Hydrodynamics:  High-Performance  Ships,"  Office  of  Naval 
Research,  Department  of  the  Navy,  ACR-65,  1960;  AD430729,  paper  copy  $15.25,  16- 
mm  microfilm  $2.25. 

“Fourth  Symposium  on  Naval  Hydrodynamics:  Propulsion  and  Hydroelasticity,"  Office 
of  Naval  Research,  Department  of  the  Navy,  ACR-92,  1962;  AD447732,  paper  copy 
$29.25,  16-mm  microfilm  $2.25. 

“The  Collected  Papers  of  Sir  Thomas  Havelock  on  Hydrodynamics,"  Office  of  Naval 
Research,  Department  of  the  Navy,  ACR-103,  1963;  AD623589,  paper  copy  $15.25, 
microfiche  $2.25. 

"Fifth  Symposium  on  Naval  Hydrodynamics:  Ship  Motions  and  Drag  Reduction,"  Of- 
fice of  Naval  Research,  Department  of  the  Navy,  ACR-II2,  1964;  AD640539,  paper 
copy  $29.25,  microfiche  $2.25. 

“Sixth  Symposium  on  Naval  Hydrodynamics:  Physics  of  Fluids,  Maneuverability  and 
Ocean  Platforms,  Ocean  Waves,  and  Ship-Generated  Waves  and  Wave  Resistance,"  Office 
of  Naval  Research,  Department  of  the  Navy,  ACR-136,  1966;  AD676079,  paper  copy 
$17.25,  microfiche  $2.25. 

"Seventh  Symposium  on  Naval  Hydrodynamics:  Unsteady  Propeller  Forces,  Fundamental 
Hydrodynamics,  Unconventional  Propulsion,"  Office  of  Naval  Research,  Department  of 
the  Navy,  DR-148,  1968;  AD721 180,  paper  copy  $49.25,  microfiche  $2.23. 

“Eighth  Symposium  on  Naval  Hydrodynamics:  Hydrodynamics  in  the  Ocean  Environ- 
ment," Office  of  Naval  Research,  Department  of  the  Navy,  ACR-179,  1970;  AD74872I ; 
Available  from  Superintendent  of  Documents,  U.S.  Government  Printing  Office, 
Washington,  D.C.,  20404,  Clolhbound,  1185  pages,  illustrated  (Catalog  No.  D 210.15: 
ACR-179;  Stock  No.  0851-0056),  $11.75,  microfiche  $2.25. 

“Ninth  Symposium  on  Naval  Hydrodynamics:  Unconventional  Ships,  Ocean  Engineering, 
Frontier  Problems,"  Office  of  Naval  Research,  Department  of  the  Navy,  ACR-203,  1972; 
Two  Volumes;  Vol.  I,  ADA0I0505;  Vol.  2,  ADA0I0506;  Available  from  Superintendent 
of  Documents,  U.S.  Government  Printing  Office,  Washington,  D.C.,  20404,  Clolhbound, 

1 108  pages,  Vol.  1,  903  pages,  Vol.  2,  illustrated  (Catalog  Nos.  D2l0.15:ACR-203/Vl ; 
D2l0.15:ACR-203/V2;  Stock  Nos.  0851-00062,  0851-00063);  Vol.  I,  $15.55,  Vol.  2, 
$13.55;  microfiche  $2.25. 

“Tenth  Symposium  on  Naval  Hydrodynamics:  Hydrodynamics  for  Safety,  Fundamental 
Hydrodynamics,”  Office  of  Naval  Research,  Department  of  the  Navy,  ACR-204,  1974. 

NOTE:  The  above  books  are  available  on  microfilm  and  microfiche  from  the  National 
Technical  Information  Service,  US  Department  of  Commerce,  Springfield,  Virginia 
22151.  The  first  six  books  are  also  available  from  NTIS  in  paper  copies.  The  catalog 
numbers  and  the  prices  for  paper,  clolhbound,  and  microfilm  copies  are  shown  for  each  book. 


8.14 


© IMccht-  1477 


